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Jurgen  Jahns,  University  of  Hagen,  Germany,  Program  Chair 

j.  Allen  Cox,  Honeywell  Technology  Center,  Program  Chair 
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M.  Oikawa,  Nippon  Sheet  Glass,  Japan 


SUNDAY 


APRIL  28, 1996 


3rd  FLOOR  REGISTRATION  AREA 

6:30pm>8:30pm 

Registration 


MONDAY 


APRIL  29, 1996 


3rd  FLOOR  REGiSTRATIQN  AREA 

7:00am-5:30pm 

Registration 

GARDNER A&B 


8:30-1 0:00am 

DMA  •  Electromagnetic  Theory 

M.  G.  Moharam,  University  of  Central  Florida,  Presider 

8:30am  (Invited) 

DMA1  •  Electromagnetic  theory  of  X-ray  gratings,  M.  Neviere, 
U.R.A.  CNRS,  France.  The  electromagnetic  theory  of  bare 
metallic  gratings,  multilayer  coated  gratings,  and  Bragg-Fresnel 
gratings  for  soft  x-ray  is  presented,  as  well  as  its  extension  to 
nonperiodic  focusing  elements  like  Bragg  Fresnel  zone  plates. 

(p.  2) 

9:00am 

DMA2  •  Optimal  design  of  low-order  diffractive  structures, 

David  C.  Dobson,  Texas  A&M  Univ.;  J.  Allen  Cox,  Fioneywell 
Technology  Center.  Two  new  approaches  to  optimal  design  of 
low-order  diffractive  structures  based  on  the  Helmholtz  equation 
are  presented.  One  using  a  solid  foundation  for  effective 
medium  theory  introduces  completely  new  structures;  the  other 
admits  more  practical  discrete  structures,  (p.  5) 

9:1  Sam 

DMA3  •  Boundary  element  method  for  analysis  and  design  of 
one-dimensional  diffractive  optical  elements,  Dennis  W. 

Prather,  Joseph  N.  Mait,  US. Army  Research  Laboratory;  Mark  S. 
Mirotznik,  Catholic  Univ.  America.  We  present  results  on  the 
application  of  the  boundary  element  method  to  analyze  the 
vector  diffraction  from  finite,  a  periodic  diffractive  elements.  We 
validate  our  implementation  for  both  dielectrics  and  perfect 
conductors  comparison  with  analytic  techniques,  (p.  9) 

9:30am 

DMA4  •  Highly  improved  convergence  of  the  coupled-wave 
method  for  TM  polarization  and  conical  mountings,  Philippe 
Lalanne,  CNRS,  France;  G.  Michael  Morris,  Univ.  Rochester.  By 
reformulating  the  eigen-problem  of  the  coupled-wave  method 
for  TM  polarization  and  conical  mounts,  we  demonstrate  highly 
improved  convergence  rates  for  metallic  and  dielectric  gratings, 
(p.  15) 

9:45am 

DMAS  •  Mathematical  justification  for  the  recent  improvement 
of  the  modal  method  by  Fourier  expansion,  Lifeng  Li,  Univ. 
Arizona.  Recently  the  convergence  of  the  modal  method  by 


Fourier  expansion  for  metallic  gratings  in  TM  polarization  was 
dramatically  improved.  This  empirically  discovered  result  Is 
given  a  rigorous  mathematical  justification,  (p.  19) 

INDEPENDENCE  BALLROOM _ 

10:00-1 0:30am 
Coffee  Break 

GARDNER  A&B 


10:30am-1 2:00m 

DMB  •  Micro-Optics  Fabrication 

Jurgen  Jahns,  University  of  Hagen,  Germany,  Presider 

1 0:30am  (Invited) 

DMB1  •  Aberration  corrected  etched  microlens  arrays,  Keith 
Mersereau,  Casimir  R.  Nijander,  Wesley  P.  Townsend,  Avi  Y. 
Feldblum,  AT&T  Bell  Laboratories.  Refractive  microlens  arrays 
are  made  in  fused  silica  through  reactive  ion  etching.  Aberration 
is  reduced  by  controlling  the  relative  etch  rates  of  silica  and 
photoresist,  (p,  24) 

11:00am 

DMB2  •  Microlens  arrays  formed  by  crossed  thin-film  deposi¬ 
tion  of  cylindrical  microlenses,  R.  Grunwald,  R.  Ehlert,  S. 
Woggon,  H.-J.  Patzold,  H.-H.  WItzmann,  COS,  Germany. 
Microlens  arrays  with  high  fill  factors  for  laser  beam  shaping  and 
image  processing  are  produced  by  crossed  thin-film  deposition 
through  silt  mask  arrays,  (p.  27) 

11:15am 

DMB3  •  Single  step  fabrication  of  glass  microlenses  for  array 
and  diode  laser  applications,  Neil  Fromer,  Nabil  M.  Lawandy, 
Brown  Univ.  By  use  of  a  laser-driven  thermal  process  in  semi¬ 
conductor-doped  glasses,  single  microlenses  of  various  shapes 
and  sizes,  as  well  as  arrays,  can  be  generated,  (p.  31) 

1 1 :30am 

DMB4  •  Compact  micro  optical  diode  laser  assembly  using 
mass  transported  large-numerical  aperture  refractive 
microlenses,  D.Z.  Tsang,  Z.  L.  Liau,  J.  N.  Walpole,  MIT  Lincoln 
Laboratory.  A  mass-transported  gallium  phosphide  microlens 
array  has  been  directly  attached  to  a  laser/heatsink  to  form  a 
compact  assembly  with  a  nearly  diffraction-limited  collimated 
output,  (p.  35) 

11:45am 

DMB5  •  Ion  exchange  in  glass  for  the  fabrication  of  continuous 
phase  diffractive  optical  elements,  Risto-Pekka  Salmio,  Jyrki 
Saarinen,  Henri  Saarikoski,  Idelsinki  Univ.  Technology,  Finland; 


V 


MONDAY 


APRIL  29, 1996 


Jari  Turunen,  Univ.  Joensuu,  Finland;  Ari  Tervonen,  Optonex 
Ltd.,  Finland.  High-effIciency  diffractive  elements  produced  by 
thermal  ion  exchange  in  glass  and  designed  by  fast  numerical 
simulation  of  the  ion  exchange  process  are  presented,  (p.  39) 

1 2:00m-1 :30pm 
Lunch  on  Own 

GARDNER  A&B _ 

l:30pm-3:00pm 

JMC  •  Joint  Session  on  Diffractive  and  Micro-Optics  and 
Holography  I 

Raymond  Kostuk,  University  of  Arizona,  Presider 

1 :30pm  (Invited) 

JMC1  •  Fabrication  of  micro-optics  and  diffractive  lenses  using 
analogue  methods,  M.  C.  Hutley/  National  Physical  Laboratory, 
UK.  We  review  mechanical  and  optical  techniques  for  generat¬ 
ing  blazed  diffracting  components  and  consider  how  the  lessons 
learned  may  be  applied  to  current  technological  developments, 
(p.  44) 

2:00pm 

JMC2  •  Laser-written  diffraction  gratings  in  quantum  dot  and 
island  metal  films,  Yu.  Kaganovskii,  M.  Rosenbluh,  Bar-llan 
Univ.,  Israel.  Pulsed  laser  interference  diffraction  gratings  are 
written  in  thin  films  composed  of  quantum  dots  in  glass  and  in 
thin  metal  island  films,  (p.  48) 

2:1  5pm 

JMC3  •  High-efficiency  transmission  gratings  fabricated  in  bulk 
fused  silica,  H.  T.  Nguyen,  B.  W.  Shore,  J.  A.  Britten,  S.  J.  Bryan, 
S.  Falabella,  R.  D.  Boyd,  M.D.  Perry,  Lawrence  Livermore 
National  Laboratory.  We  present  the  design  and  performance  of 
high-efficiency  transmission  gratings  fabricated  in  bulk  fused 
silica  for  use  in  ultraviolet  high-power  laser  systems,  (p.  52) 

2:30pm 

JMC4  •  Ultrabigh  spatial-frequency,  high-contrast  periodic 
structures  produced  by  interference  lithography,  H.  T.  Nguyen, 
J.  A.  Britten,  R.  D.  Boyd,  B.  W.  Shore,  M.  D.  Perry,  Lawrence 
Livermore  National  Laboratory.  We  develop  a  process  to 
produce  high-aspect  ratio,  high  frequency  periodic  profiles 
recorded  in  a  photoresist  layer  by  interference  lithography. 

(p.  55) 

2:45pm 

JMC5  •  Diffractive  diffusers  at  the  fabrication  limit,  Hans  Peter 
Herzig,  Wolfgang  Singer,  Institute  of  Microtechnology,  Switzer¬ 
land;  Eckhard  Piper,  Johannes  Wangler,  Carl  Zeiss,  Germany. 

The  design  and  fabrication  of  diffractive  elements,  generating 
flattop  intensity  distributions  for  partial  coherent  lasers  at  short 
wavelengths,  is  presented,  (p.  59) 

INDEPENDENCE  BALLROOM _ 

3:00^3:30pm 
Coffee  Break 


GARDNER  A&B 


3:30-5:00pm 

DMD  •  Optical  Interconnects 

Keith  Mersereau,  AT&T  Bell  Laboratories,  Presider 

3:30pm  (Invited) 

DMD1  •  Diffractive  optics  in  free-space  optoelectronic 
computing  systems,  Philippe  J.  Marchand,  Frederick  B. 
McCormick,  Sadik  C.  Esener,  University  of  California,  San  Diego. 
We  discuss  the  design,  optimization,  and  fabrication  of  the 
diffractive  elements  used  in  a  particular  free-space  optical 
interconnection  scheme:  the  Optical  Transpose  Interconnection 
System  (OTIS),  (p.  64) 

4:00pm 

DMD2  •  Integration  of  diffractive  optical  elements  with 
vertical-cavity  surface-emitting  lasers,  M.  E.  Warren,  T.  C.  Du, 
J.R.  Wendt,  G.  A.  Vawter,  K.  L.  Lear,  S.  P.  Kilcoyne,  R.  F.  Carson, 

P.  K.  Seigal,  M.  Hagerott  Crawford,  H.  Hou,  R.  P.  Schneider, 
Sandia  National  Laboratories.  Diffractive  optics  are  integrated 
into  the  surfaces  of  vertical-cavity  surface  emitting  arrays  and  on 
surfaces  flipchip  bonded  to  the  arrays  for  various  applications. 

(p.  67) 

4:1  5pm 

DMD3  •  Diffractive  spot-array  generation  using  multimode 
surface  emitting  lasers  and  light  emitting  diodes,  John  S.  Hoch, 
Joseph  M.  Kahn,  Univ.  California-Berkeley;  Annette  Grot, 

Hewlett  Packard  Laboratories.  We  discuss  beam  shaping  of 
multimode  surface-emitting  lasers  and  light  emitting  diodes  using 
diffractive  spot-array  generation,  (p.  71) 

4:30pm 

DMD4  •  3  X  3  optoelectronic  cross-bar  switch  using  vertical- 
cavity  surface-  emitting  laser  arrays,  N.Rajkumar,  j.  N. 
McMullin,  B.  P.  Keyworth,  R.l.  MacDonald,  Telecommunication 
Research  Labs,  Canada.  The  fabrication  of  a  3  x  3  optoelectronic 
switch  that  uses  vertical  cavity  surface-emitting  laser  arrays  is 
described.  Optical  signals,  distributed  by  a  dispensed  polymer 
microlens  and  grating  assembly,  are  detected  and  summed 
electrically  by  a  3  x  3  metal  semiconductor-metal  photodetector 
array  to  complete  the  cross-bar  switch,  (p.  75) 

4:45pm 

DMD5  •  An  extensible,  diffractive  optic  system  for  intercon¬ 
necting  optoelectronic  device  arrays,  Rick  L.  Morrison,  AT&T 
Bell  Laboratories.  An  extensible  diffractive  optical  framework  is 
proposed  that  combines  dense  spatial  channel  packing  and  long 
Gaussian  relay  lengths  while  achieving  a  reduced  chromatic 
sensitivity.  (p.  79) 

INDEPENDENCE  BALLRQOM/BQYLSTON  PARK  CAFE 

6:00-7:30pm 

Conference  Reception 


VI 


TUESDAY 


APRIL  30, 1996 


3rd  FLOOR  REGISTRATION  AREA 

7:30am-5:30pm 

Registration 

GARDNER  A&B 


8:30-1 0:00am 
DTuA  •  Applications  I 

Donald  Sweeney,  Lawrence  Livermore  National  Laboratory,  Presider 

8:30am  (Invited) 

DTuA  1  •  The  way  of  diffractive  optics  into  the  laser  resonator, 

Heiko  Schwarzer,  Frank  Wyrowski,  BIFO,  Germany.  The  effect  of 
microstructured  profiles  on  electromagnetic  waves  is  the  basic 
issue  of  diffractive  optics.  These  profiles  represent  a  significant 
extension  of  the  possibilities  to  realize  optical  functions.  Laser 
optics  is  of  special  importance  for  diffractive  optics.  In  this  paper 
examples  of  the  use  of  diffractive  elements  outside  and  inside 
the  laser  resonator  are  given.  Theoretical  and  experimental 
results  are  presented,  (p.  84) 

9:00am 

DTuA2  •  Diffractive  optical  element  for  chromatic  confocal 
imaging,  Sarah  L.  Dobson,  Pang  chen  Sun,  Yeshayahu  Fainman, 
Univ.  California-San  Diego.  A  confocal  microscope  that  uses  a 
diffractive  zone  plate  for  wave  length -depth  encoding  and  non¬ 
mechanical  depth  scanning  is  characterized  and  used  for  surface 
profile  measurements,  (p.  86) 

9:1  Sam 

DTuA3  •  Tunable  diffractive  optical  filter  for  imaging  applica¬ 
tions,  J.  Allen  Cox,  Bernard  S.  Fritz,  Honeywell  Technology 
Center.  We  describe  a  new  approach  for  a  tunable,  multi- 
spectral  filter  that  uses  diffractive  elements  suitable  for  high 
quality,  wide  FOV  imaging,  and  out-of  band  rejection.  The 
method  admits  both  bandpass  and  notch  rejection  forms,  (p.  90) 

9:30am 

DTuA4  •  Diffractive  optics  technology  for  F-Theta  scan  lenses, 

Kevin  j.  McIntyre,  G.  Michael  Morris,  Univ.  Rochester.  Use  of 
diffractive  optics  in  F-Theta  scan  lens  design  allows  for  substan¬ 
tial  improvements  in  system  performance  and  size.  (p.  94) 

9:45am 

DTuA5  •  Optical  design  comparison  of  SOdg  eyepieces,  Wayne 
Knapp,  Brian  Volk,  Precision  Optics  Corp.;  Berge  Tatian,  optical 
design  specialist;  Gary  Blough,  Robert  Michaels,  Rochester 
Photonics  Corp.  A  comparison  of  eyepieces,  one  with  plastic 
aspherics  and  one  with  a  diffractive  optic,  shows  the  improved 
chromatic  aberration  and  MTF  of  the  diffractive  approach. 

(p.  98) 

INDEPENDENCE  BALLROOM _ 

10:00am-1 0:30am 
Coffee  Break/Exhibits 


COMMONWEALTH  ROOM 


10:30am-1 2:00m 
JTuB  •  Poster  Previews 

G,  Michael  Morris,  University  of  Rochester  and  Rochester  Photonics 
Corp.,  Presider 

10:30am 

JTuBla  •  Fabrication  and  experiment  of  a  diffractive  phase 
element  that  implements  wavelength  demultiplexing  and 
focusing,  Bizhen  Dong,  Guoqing  Zhang,  Guozhen  Yang, 
Benyuan  Gu,  Shihai  Zheng,  Dehua  Li,  Yansong  Chen,  Academia 
Sinica,  China.  The  design  and  fabrication  of  diffractive  phase 
elements  for  wavelength  demultiplexing  and  focusing  are 
presented.  Experimental  results  are  in  good  coincidence  with 
numerical  simulations.  (p.  104) 

1 0:30am 

JTuBIb  •  A  new  kind  of  diffractive  phase  element  applied  to 
wavelength  demultiplexing  and  annular  focusing,  Benyuan  Gu, 
Guoqing  Zhang,  Bizhen  Dong,  Guozhen  Yang,  Academia  Sinica, 
China.  A  design  of  diffractive  phase  elements  first  applied  to 
wavelength  demultiplexing  and  annular  focusing  is  presented. 
Numerical  simulations  are  in  good  agreement  with  the  desired 
performances,  (p.  108) 

10:32am 

JTuB2  •  Off-axis  Talbot  effect  and  array  generation  in  planar 
optics,  Markus  Testorf,  Jurgen  jahns.  Fern  Univ.  Hagen,  Ger¬ 
many;  Nikolay  A.  Khilo,  Andrey  M.  Goncharenko,  Belarussian 
Academy  of  Sciences.  The  Talbot  effect  for  oblique  angles  of 
light  propagation  is  investigated.  Experimental  verifications  and 
considerations  on  a  planar  Integration  of  Talbot  array  illumina¬ 
tors  are  included,  (p.  112) 

10:34am 

fTuB3  •  Diffractive  elements  developed  for  uniform  illumina¬ 
tion  in  inertial  confinement  fusion,  Qiu  Yue,  Fan  Dianyuan, 
Deng  Ximing,  Chinese  Academy  of  Sciences;  Deng  Xuegong,  Li 
Yongpin,  China  Univ.  Science  and  Technology.  A  type  of 
diffractive  element  is  designed  and  fabricated  for  uniform 
illumination  in  inertial  confinement  fusion.  Experiment  results 
are  given,  (p.  116) 

1 0:36am 

JTuB4  •  Achromatization  for  multiple  narrowband  sources 
using  hybrid  multi-order  diffractive  lenses,  Kevin  J.  McIntyre,  G. 
Michael  Morris,  Univ.  Rochester.  Multiple  refractive  and 
diffractive  lenses  can  be  combined  to  form  hybrid  lenses  suitable 
for  systems  with  multiple  narrowband  sources,  (p.  119) 

1 0:38am 

JTuBS  •  Array  generator  design  for  an  optical  analog-to-digital 
converter,  Joseph  N.  Mait,  U.S.  Army  Research  Laboratory;  Barry 
L.  Shoop,  U.S.  Military  Academy.  We  present  the  design  of  an 
eight-level  phase-only  diffractive  element  that  generates  a  7  x  7 
nonuniform  array  of  spots.  The  array  generator  is  used  to 
implement  error  diffusion  within  an  optical  analog-to-digital 
converter,  (p.  123) 
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10:40am 

]TuB6  •  Electric  fields  and  Poynting  vectors  in  dielectric 
gratings,  Bruce  W.  Shore,  Michael  D.  Feit,  Lawrence  Livermore 
National  Laboratory;  Lifeng  Li,  Univ.  Arizona.  We  discuss  and 
illustrate  the  use  of  electric  field  magnitudes,  energy  density,  and 
Poynting  vectors  as  tools  for  understanding  phenomena  associ¬ 
ated  with  dielectric  gratings,  (p.  126) 

10:42am 

)TuB7  •  Diffractive-refractive  achromatic  optical  processor  for 
white-light  spatial  filtering,  P.  Andres,  Univ.  Valencia,  Spain;  E. 
Tajahuerce,  J.  Lancis,  V.  Climent,  M.  Fernandez-Alonso,  Univ. 
Jaume  I,  Spain.  We  present  a  novel  diffractive-refractive  achro¬ 
matic  optical  processor,  with  very  low  residual  chromatic 
aberrations,  to  perform  white-light  spatial-frequency  filtering  of 
color  inputs,  (p.  128) 

1 0:44am 

jTuBB  •  Diffractive  optical  elements  for  tracking  and  receiving 
in  optical  space  communication  systems,  P.  Blattner,  H.  P. 

Herzig,  K.  J.  Weible,  Univ.  Neuchatel,  Switzerland.  Different 
designs  of  a  diffractive  optical  element  used  for  tracking  and 
receiving  in  laser  communication  terminal  are  presented. 

Elements  based  on  these  designs  are  realized  and  compared. 

(p.  132) 

1 0:46am 

fTuB9  •  Scalar  design  of  diffractive  elements  using  direct  and 
indirect  optimization,  Joseph  N.  Mait,  U.S.  Army  Research 
Laboratory.  We  present  a  general  procedure  for  the  design  of 
diffractive  optical  elements  and  use  scalar  diffraction  theory  to 
apply  it  to  the  design  of  three  common  diffractive  elements.  The 
procedure  reveals  that  most  common  design  techniques  can  be 
classified  as  either  direct  or  indirect  optimizations,  (p.  1 36) 

1 0:48am 

JTuBIO  •  High  efficiency  dielectric  reflection  gratings,  B.  W. 
Shore,  M.  D.  Perry,  j.  A.  Britten,  R.  D.  Boyd,  M.  D.  Feit,  H. 
Nguyen,  R.  Chow,  G.  Loomis,  Lawrence  Livermore  National 
Laboratory;  Lifeng  Li,  Univ.  Arizona.  We  discuss  the  design  and 
fabrication  of  all-dielectric  reflection  gratings  that  place  theoreti¬ 
cally  99%  of  the  incident  light  into  a  single  diffraction  order. 

(p.  140) 

1 0:50am 

JTuBII  •  Design  of  phase-shifting  masks  for  enhanced-resolu- 
tion  optical  lithography,  Guo-Zhen  Yang,  Zhi-Yuan  Li,  Bi-Zhen 
Dong,  Ben-Yuan  Gu,  Guo-Qing  Zhang,  Academia  Sinica,  China. 
An  approach  based  on  the  general  theory  of  amplitude-phase 
retrieval  in  optics  is  presented  for  the  design  of  phase-shifting 
masks  for  enhanced-resolution  optical  lithography,  (p.  144) 

1 0:52am 

JTuB12  •  Flat-top  beam  generation  using  an  iteratively  designed 
binary  phase  grating,  Jun  Amako,  Tomio  Sonehara,  Seiko  Epson 
Corp.,  Japan.  The  grating  phase,  optimized  by  the  simulated- 
annealing  algorithm,  produces  in-phase  diffracted  waves  that 
interfere  constructively  to  form  a  uniform  amplitude  and  phase 
profile  in  a  Fourier  domain,  (p.  148) 


1 0:54am 

JTuBIS  Surface-relief  gratings  with  sharp  edges:  Improvement 
of  the  convergence  of  the  coordinate  transformation  method, 

Lifeng  Li,  Univ.  Arizona.  The  convergence  of  the  coordinate 
transformation  method  of  Chandezon  et  al.  for  surface-relief 
gratings  with  sharp  edges  is  improved  substantially  with  use  of 
the  correct  Fourier  factorization  procedure,  (p.  151) 

1 0:56am 

JTuB14  Liquid  crystal  phase  modulation  technique  to  reduce 
the  spatial  frequency  o  f  interferometric  fringes,  P.  Douglas 
Knight  Jr.,  Univ.  North  Carolina-Charlotte.  A  technique  to  reduce 
the  spatial  frequency  of  interferometric  fringes  is  proposed  with 
use  of  a  spatial  light  modulator  to  perform  phase  modulation. 
(p.155) 

1 0:58am 

JTuBIS  Synthesis  of  fully  continuous  phase  screens  for 
tailoring  the  focal  plane  irradiance  profiles.  Sham  Dixit,  Mike 
Feit,  Lawrence  Livermore  National  Laboratory.  We  present  an 
iterative  procedure  for  constructing  fully  continuous  phase 
screens  for  tailoring  the  focal  plane  intensity  distributions. 
(p.159) 

1 1 :00am 

JTuB16  Fabrication  of  large  aperture  kinoform  phase  plates  in 
fused  silica  for  smoothing  focal  plane  intensity  profiles,  Mike 
Rushford,  Sham  Dixit,  Ian  Thomas,  Mike  Perry,  Lawrence 
Livermore  National  Laboratory.  We  have  fabricated  large 
aperture  (40-cm)  kinoform  phase  plates  for  producing  super- 
Gaussian  focal  plane  intensity  profiles,  (p.  163) 

11:02am 

JTuB17  Speckle-free  phase  Fresnel  holograms  and  beam¬ 
shaping  elements,  Luiz  Goncalves  Neto,  Yunlong  Sheng,  Univ. 
Laval,  Canada.  We  describe  optical  speckle-free  phase  Fresnel 
holograms.  We  choose  the  constant  initial  phase  for  iterations, 
which  can  avoid  the  speckles  caused  by  isolated  point  zeros  in 
the  reconstruction  plane,  (p.  166) 

1 1 :04am 

JTuBIS  High-efficiency  fast  diffractive  lens  for  beam  coupling, 

Yunlong  Sheng,  Dazeng  Feng,  Univ.  Laval,  Canada.  Iterative 
simulated  annealing  is  implemented  in  the  design  of  a  high- 
efficiency  fast  lens  for  focusing  and  shaping  elliptical  beams.  The 
aberrations  introduced  in  the  design  are  evaluated,  (p.  170) 

1 1 :06am 

JTuB19  Effective  medium  theory  of  symmetric  two-dimen¬ 
sional  subwavelength  periodic  structures,  Philippe  Lalanne, 
France.  We  present  the  effective  medium  theory  of  two-dimen¬ 
sional  symmetric  periodic  structures.  Predictions  are  verified 
with  rigorous  computation,  (p.  174) 

11:08am 

JTuB20  •  Z-scan  measurement  in  amorphous  As2S3  thin  film, 

Yeung  Joon  Sohn,  Chong  Hoon  Kwak,  Ok  Shik  Choe,  Yeungnam 
Univ.,  Korea.  The  complex  nonlinear  refractive  index  is  mea¬ 
sured  and  analyzed  in  an  amorphous  As2S3  thin  film  by 
adaptation  of  the  sensitive  cw  z-scan  technique,  (p.  178) 
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11:10am 

JTuB21  •  Simplified  processing  method  of  dichromated  gelatin 
derived  from  Agfa  8E75HD  plates,  Yong  Seok  Im,  Young  Lak 
Lee,  Chong  Hoon  Kwak,  Ok  Shik  Choe,  Yeungnam  Univ.,  Korea; 
Sang  Cheol  Kim,  Samsung  Aerospace  Industries  Ltd,  Korea.  A 
simplified  method  to  make  dichromated  gelatin  hologram  is 
presented.  If  one  starts  with  Agfa  8E75HD  plates,  the  complete 
processing  time  is  just  two  hours  and  high  diffraction  efficiency 
of  81 .5%  is  obtained,  (p.  182) 

11;12am 

JTuB22  •  Analysis  of  focal  tolerance  and  fine  pattern  resolu¬ 
tions  formed  by  phase  conjugation  in  dichromated  gelatin 
hologram,  Yong  Seok  Im,  Young  Lak  Lee,  Chong  Hoon  Kwak, 

Ok  Shik  Choe,  Yeungnam  Univ.,  Korea,  An  image  of  1  urn  line 
width  formed  by  holographic  phase  conjugation  is  measured 
clearly  within  the  focal  tolerance  of  about  40  urn  and  is  ana¬ 
lyzed  theoretically. 

(p.  186) 

11:14am 

JTuB23  •  Wavelength-agile  fluorescence  microscopy  filter  using 
photorefractive  barium  titanate,  Robert  Kersten,  Salvador 
Fernandez,  Ciencia  Inc.;  George  Fischer,  Robert  Boyd,  Univ. 
Rochester.  Holograms  in  photorefractive  materials  are  used  as 
passive  wavelength-agile  notch  filters  in  fluorescence  spectros¬ 
copy  applications,  thus  filtering  out  coherent  light  while 
transmitting  incoherent  light,  (p.  190) 

11:16am 

JTuB24  •  Holographic  interferometry  methods  for  conducting 
stress  analysis  on  quartz  crystal  components,  Jill  A.  Brosig, 
Motorola.  Holographic  interferometry  is  used  to  study  mechani¬ 
cal  loading  on  quartz  blanks  resulting  from  mount  structure. 

After  Identifying  the  magnitude  and  location  of  real-time- 
induced  stresses,  the  design  is  optimized  by  change  of  such 
parameters  as  geometry  and  materials,  (p.  193) 

1 1 :1  Sam 

JTuB25  •  A  computational  model  for  holographic  sensing,  Ben 

Bakker,  Val  Bykovski,  Univ.  Massachusetts-Lowell.  A  novel 
analytical  concept  based  on  holographic  recognition  of  light 
patterns  from  a  sample  is  proposed  and  demonstrated 
computationally,  (p.  196) 

11:20am 

JTuB26  •  Computer-generated  hologram  for  reconstruction  of 
unusual  mode  image,  Gao  Wenqi,  Tan  Suqing,  Zhou  Jin, 

Nanjing  Univ.,  China.  Three  kinds  of  computer-generated 
holograms  of  unusual  reconstruction  mode  are  reported. 
Theoretic  analysis  and  corresponding  experimental  results  are 
given,  (p.  199) 

11:22am 

JTuB27  •  Measurement  and  analysis  of  compound  amplitude 
and  phase  holographic  gratings,  Y.  J.  Wang,  M.  A.  Fiddy,  Y  Y. 
Teng,  D.  A.  Pom  met,  L.  Mai  ley,  Univ.  Massachusetts-Lowell.  We 
describe  the  effect  on  the  reconstruction  of  a  bleached  hologram 
of  the  inevitable  presence  of  a  residual  amplitude  hologram  that 
is  usually  neglected.  The  modeling  of  this  offers  insights  into  Its 
possible  exploitation  for  some  applications,  (p.  203) 


INDEPENDENCE  BALLROOM 


11:30am”1 :30pm 
Poster  Session 

12:00m-1 :30pm 
Lunch  on  Own 

GARDNER  A&B 


1;30-3:00pm 

jTuC  •  Joint  Session  on  Diffractive  and  Micro-Optics  and 
Holography  II 

Michael  Gale,  Paul  Scherrer  Institute,  Presider 

1:30pm  (Invited) 

JTuCI  •  Diffraction  optics — a  century  from  basic  studies  to 
mass  production,  Erwin  G.  Loewen,  Spectronic  Instruments,  Inc. 
It  has  taken  100  years  to  combine  basic  concepts  for  diffraction 
optics  with  a  series  of  enabling  technologies  to  arrive  at  commer¬ 
cially  useful  products,  (p.  208) 

2:00pm 

JTuC2  •  Liquid  crystal  grating  based  on  modulation  of  circu¬ 
larly  polarized  light.  Jay  E.  Stockley,  Kristina  M.  Johnson,  Univ. 
Colorado-Boulder,  Gary  D.  Sharp,  Steven  A.  Serati,  Ping  Wang, 
Boulder  Nonlinear  Systems  Inc.  We  present  theoretical  and 
experimental  results  for  analog  phase  modulators  and  gratings 
using  chiral  smectic  liquid  crystals  as  rotative  wave  plates  acting 
on  circular  polarization,  (p.  211) 

2:15pm 

JTuC3  •  Diffractive  optical  elements  for  three-dimensional 
displays  based  on  the  partial  pixel  3-D  display  architecture,  G. 

P.  Nordin,  M.  W.  Jones,  R.  G.  Lindquist,  J.  H.  Kulick,  S.  T.  Kowel, 
Univ.  Alabama-Huntsville.  We  examine  the  use  of  diffractive 
optical  elements  to  realize  three-dimensional,  holographic-like 
displays  based  on  the  partial  pixel  3-D  display  architecture,  and 
we  describe  our  current  implementations  of  real-time  displays. 
(p.215) 

2:30pm 

JTuC4  •  Beam-pointing  stabilization  and  increased  ladar 
heterodyne  mixing  efficiency  using  a  liquid  crystal  phased  array 
device,  Mark  J.  Missey,  Vincent  Dominic,  Univ.;  Edward  A. 
Watson,  Wright  Laboratory.  Active  beam-pointing  stabilization 
and  increased  coherent  laser  radar  mixing  efficiency  applications 
for  an  addressable  liquid  crystal  phased  array  are  investigated. 
(p.219) 

2:45pm 

JTuCS  •  Programmable  wave-front  generation  with  two  binary 
phase  spatial  light  modulators,  Guoguang  Yang,  Seth 
Broomfield,  Univ.  Oxford,  UK.  A  programmable  wave-front 
generation  system  that  uses  two  binary  phase  SLMs  is  a  space- 
variant  system  with  high  diffraction  efficiency.  It  is  Implemented 
experimentally  with  two  ferroelectric  liquid  crystal  SLMs. 

(p.  223) 


INDEPENDENCE  BALLROOM 

3:00-3:30pm 
Coffee  Break/Exhibits 
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GARDNER  A&B  _ _ 

3:30-5:00pm 

DTuD  •  Scalar  Design 

Joseph  N.  Mait,  US.  Army  Research  Laboratory  Presider 

3:30pm  (Invited) 

DTuDI  •  A  rogues'  gallery  ofCGH  null  tests,  Steven  Arnold, 
Diffraction  Internationa!  Ltd  CGH  null  testing  of  aspheric  optics 
was  first  demonstrated  by  MacGovern  and  Wyant  in  1 971  but 
has  only  recently  become  available  as  a  commercial  product. 
This  talk  describes  a  variety  of  CGH  null  test  configurations 
using  both  commercial  and  customized  interferometers.  Several 
of  the  aspheres  and  their  associated  CGH  nulls  will  be  shown  to 
exhibit  various  pathological  traits,  (p.  228) 

4:00pm 

DTuD2  •  Rigorous  design  of  flat-top  generators,  Markku 
Kuittinen,  Jari  Turunen,  Pasi  Vahimaa,  Univ.  Joensuu,  Finland. 
We  present  a  novel  rigorous  method  to  solve  diffraction  prob¬ 
lems  of  refractive-index-modulated  apertures  in  a  conducting 
screen  and  apply  it  to  beam  shaping,  (p.  229) 


4:1 5pm 

DTuD3  •  Diffraction  efficiency  of  high-NA  continuous-relief 
diffractive  lenses,  M.  Rossi,  C.  G.  Blough,  D.  H.  Raguin, 
Rochester  Photonics  Corp.;  E.  K.  Popov,  D.  Maystre,  Laboratoire 
d'Optique  Electromagnetique,  France,  A  high  efficiency  F/2 
diamond-turned  diffractive  lens  is  used  as  a  fiber  coupler.  The 
diffraction  efficiency  is  modeled  with  use  of  rigorous  theory  and 
a  fast  ray  tracing  algorithm,  (p.  233) 

4:30pm 

DTuD4  •  Pseudorandom  encoding  of  fully  complex  modulation 
to  biamplitude  phase  modulators,  Robert  W.  Cohn,  Wenyao 
Liu,  Univ.  Louisville.  This  algorithm  maps  analog  amplitudes  to 
unity  or  zero.  Unity  is  randomly  selected  with  a  probability 
equal  to  the  desired  amplitude.  This  algorithm  outperforms 
MEDOF.  (p.  237) 

4:45pm 

DTuDS  •  Analysis  and  synthesis  of  a  two-dimensional 
diffractive  lens  using  the  local  linear  grating  model  and  the 
coupled-wave  theory,  Yunlong  Sheng,  Simon  Larochelle, 
Dazeng  Feng,  Univ.  Laval,  Canada.  A  simple  local  linear  grating 
model  and  the  coupled-wave  theory  are  used  for  estimating  and 
optimizing  diffraction  efficiency  of  large  numerial  aperture  two- 
dimensional  radially  symmetrical  lenses,  (p.  241) 


X 


WEDNESDAY 


MAY  1, 1996 


3rd  FLOOR  REGISTRATION  AREA 

7:30am-5:30pm 

Registration 

GARDNER  A&B 


8:30^1 0:00am 

DWA  •  Subwavelength  Structures 

Yeshayahu  Fainman,  University  of  California , San  Diego,  Presider 

8:30am  (Invited) 

DWA1  •  Thin-film  filters  with  diffractive  and  waveguiding 
layers,  R.  Magnusson,  S.  Tibuleac,  Z.  Liu,  D.  Shin,  P.  P  Young, 
Univ.  Texas  at  Arlington;  S.S.  Wang,  Motorola  Inc.  Guided-mode 
resonance  effects  In  diffractive  thin-film  structures  are  applied  to 
realize  both  reflection  and  transmission  bandpass  filters,  (p.  246) 

9:00am 

DWA2  •  Design  of  resonant  grating  filters,  Scott  M.  Norton,  G. 
Michael  Morris,  Turan  Erdogan,  Univ.  Rochester.  Resonant 
grating  filters  offer  high-contrast,  narrowband  performance.  We 
demonstrate  approximate  methods  to  obtain  resonant  width  In 
resonant  grating  filters  as  well  as  the  advantages  of  each  method, 
(p.  249) 

9:1  Sam 

DWA3  •  Zeroth-order  complex-amplitude  modulation  by 
lamellar  surface  profiles,  Vllle  Kettunen,  Pasi  Vahimaa,  Jari 
Turunen,  Marko  Honkanen,  Olli  Salminen,  Univ.  Joensuu, 
Finland;  Eero  Noponen,  Helsinki  Univ.  Technology,  Finland.  The 
encoding  of  the  signal  wave  amplitude  and  phase  Into  variations 
of  the  efficiency  and  phase  of  the  zeroth  carrier-grating  diffrac¬ 
tion  order  is  considered,  (p.  253) 

9:30am 

DWA4  •  Subnanometer  linewidtb  resonant  grating  filters,  Song 
Peng,  G.  Michael  Morris,  Univ.  Rochester.  Resonant  grating 
structures  can  be  designed  to  achieve  narrower  llnewidth  and 
higher  peak  efficiency  than  conventional  interference  filters. 
Issues  related  to  device  fabrication  are  addressed.  (p.  257) 

9:45am 

DWA5  •  Optimization  of  guided-mode  resonance  and  Bragg 
gratings  designed  using  rigorous  diffraction  theory,  Ben  Layet, 
Malcolm  T.  M.  Lightbody,  Mohammad  R.  Taghlzadeh,  Heriot- 
Watt  Univ.,  UK.  We  use  rigorous  diffraction  theory  to  design 
gratings  acting  as  polarizers,  beamsplitters,  deflectors,  or 
wavelength  filters.  The  grating  components  potentially  provide 
high  performance  and  robustness,  (p.  261) 

INDEPENDENCE  BALLROOM _ 

1 0:00am-1 0:30am 
Coffee  Break/Exhibits 


GARDNER  A&B 


10:30am-t  2:00m 

DWB  •  Micro-Optics  Applications 

Ravindra  A.  Athale,  George  Mason  University,  Presider 

10:30am  (Invited) 

DWB1  •  Giant  micro-optics:  wide  applications  in  LCD  systems, 

Shigeru  Aoyama,  Tsuyoshi  Kurahashi,  Daidou  Uchida,  Masayuki 
Shinohara,  Tsukasa  Yamashita,  Omron  Corp.,  Japan.  In  recent 
years,  giant  microoptic  devices  based  on  microlens  arrays,  micro 
prism  arrays  and  holograms  have  been  developed  for  LCD 
systems.  The  attractive  applications  are  reviewed,  (p.  266) 

11 :00am 

DWB2  •  Color  separation  echelon  gratings,  Margaret  B.  Stern, 
Gary  J.  Swanson,  MIT  Lincoln  Laboratory.  Echelon-like  grating 
structures  are  designed  to  separate  the  visible  spectrum  accord¬ 
ing  to  diffraction  order  rather  than  by  dispersion  within  one 
diffraction  order.  The  performance  and  fabrication  of  prototype 
gratings  are  described,  (p.  270) 

11:15am 

DWB3  •  A  multiview  fast  optical  tomography  system  using 
microlens  arrays,  K.  P.  Bishop,  R.  E.  Pierson,  E.  Y.  Chen,  Applied 
Technology  Associates;  L.  McMackin,  U.S.  Air  Force  Phillips 
Laboratory.  The  implementation  of  a  fast  optical  tomography 
system  with  use  of  a  microlens-based  Hartmann  wavefront 
sensor  is  described  for  use  in  interrogating  a  heated  jet  flow. 

(p.  274) 

11 :30am 

DWB4  •  Microlens  lithography,  R,  Volkel,  H.  P.  Herzig,  Ph. 
Nussbaum,  W.  Singer,  R.  Dandliker,  Institute  of  Microtechnology, 
Switzerland.  Mlcrolens  lithography  is  a  new  lithographic  method 
that  uses  microlens  arrays.  It  provides  a  resolution  of  2-5  urn  for 
an  almost  unlimited  print  area.  (p.  278) 

11:45am 

DWB5  •  Laser  beam  relaying  with  a  phase-conjugate  diffractive 
optical  element,  Siamak  Makki,  James  Leger,  Univ.  Minnesota.  A 
diffractive  optical  element  is  used  to  image  a  flat  top  laser  beam 
by  phase  conjugation.  It  has  the  advantage  over  conventional 
afocal  systems  of  avoiding  concentration  of  light  at  the  interme¬ 
diate  focal  point,  (p.  282) 

12:00m-1 :30pm 
Lunch  on  Own 

GARDNER  A&B 


1:30-3:00pm 

DWC  •  Testing  &  Evaluation 

Hans  Peter  Herzig,  University  of  Neuchatel,  Switzerland, 
Presider 


1 :30pm  (Invited) 

DWC1  •  Interferometric  tests  for  microoptics,  j.  Schwider,  N. 
Lindlein,  Univ.  Erlangen,  Germany.  This  paper  considers  mainly 
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the  testing  of  refractive  microlenses.  The  measurement  of 
paraxial  parameters,  surface  quality,  and  wave  aberrations  with 
the  help  of  interferometers  in  reflected  and  transmitted  light  as 
well  as  the  advantages  and  problems  of  these  interferometers, 
are  discussed.  (p.  288) 

2:00pm 

DWC2  •  Evaluation  of  wavefront  sensors  based  on  etched 
microlenses,  R.  E.  Pierson,  K.  P.  Bishop,  E.  Y.  Chen,  Applied 
Technology  Associates;  D.  R.  Neal,  Sandia  National  Laborato¬ 
ries;  L.  McMackin,  U.S.  Air  Force  Phillips  Laboratory.  Binary 
etched  microlenses  enable  fabrication  of  Shack-Hartmann 
wavefront  sensors  optimized  for  a  particular  application.  We 
present  a  modeling  and  test  approach  to  microlens  optimization, 
(p.  292) 

2:1 5pm 

DWC3  •  Realization  of  multilayer  diffractive  components 
experimental  methods  of  characterization,  H.  Giovannini,  H. 
Akhouayri,  C.  Amra,  CNRS,  France.  Techniques  of  deposition 
already  used  in  the  field  of  thin  films  can  be  used  to  realize 
multilayer  diffractive  components.  Methods  of  characterization 
based  on  ellipsometry,  two-beam  interferometry  and 
photothermal  deflection  give  the  optical  properties  of  coated 
gratings.  These  methods,  together  with  a  numerical  simulation 
can  help  the  design  of  diffractive  components.  All  these  tech¬ 
niques  can  be  used  to  realize  bi-dimensional  gratings,  (p.  296) 

2:30pm 

DWC4  •  Experimental  studies  of  Talbot  array  illuminators, 

Thomas  J.  Suleski,  Donald  C.  O'Shea,  Georgia  Institute  of 
Technology.  Experimental  studies  of  binary  phase  Talbot  array 
illuminators  are  presented.  Useful  new  results  include  stronger 
light  concentration  and  spatial  frequency  doubling  of  Talbot 
intensity  patterns,  (p.  300) 

2:45pm 

DWC5  •  Submicron  gratings  with  dielectric  overcoat:  perfor-- 
mance  and  stability,  C.  Heine,  R.  H.  Morf,  M.  T.  Gale,  Paul 
Scherrer  Institute,  Switzerland.  Measurements  on  broadband 
anti-reflection  structures  show  that  the  combination  of  dielectric 
overcoating  with  grating  microstructure  leads  to  improved 
stability.  Various  types  of  designs  are  presented,  (p.  304) 

INDEPENDENCE  BALLROOM 

3:00pm-3:30pm 
Coffee  Break/Exhibits 


GARDNER  A&B 

3:30-5:00pm 
DWD  •  Fabrication 

Michael  Feldman,  Digital  Optics  Corporation,  Presider 


3:30pm 

DWD1  •  Rapid  fabrication  of  diffractive  microlenses  using 
excimer  laser  ablation,  Xiaomei  Wang,  Robert  H.  Rediker, 
Cynosure  Inc.;  James  R.  Leger,  Univ.  Minnesota.  We  fabricate 
eight-level  diffractive  microlenses  using  excimer  laser  ablation 
through  an  imaging  objective.  These  lenses  exhibit  diffraction- 
limited  focusing  and  near  theoretical  diffraction  efficiency 
(92%).  (p.  310) 

3:45pm 

DWD2  •  Excimer  laser  micromachining  for  rapid  fabrication  of 
binary  and  blazed  diffractive  optical  elements,  Michael  T. 
Duignan,  Gregory  P.  Behrmann,  Potomac  Photonics  Inc.  We 
demonstrate  fabrication  of  two-level  and  ramped  diffractive 
structures  by  a  fast  and  flexible  direct-write  process  using  an 
excimer  laser-based  tabletop  micromachining  work  station  with 
an  integrated  optical  surface  profiler,  (p.  314) 

4:00pm 

DWD3  •  Fabrication  of  submicron  feature  diffractive  elements 
using  near-field  direct-write  ultraviolet  lithography,  Igor  I. 
Smolyaninov,  David  L.  Mazzoni,  Christopher  C.  Davis,  Univ. 
Maryland;  Joseph  N.  Mait,  U.S.  Army  Research  Laboratory.  We 
present  the  results  of  direct-write  lithography  implemented  using 
the  near-field  optical  interaction  between  an  uncoated  tapered 
fiber  tip  and  a  layer  of  photoresist.  The  nearfield  arrangement 
allows  for  both  lithography  and  shear  force  microscopic 
examination  of  the  surface.  (p.  318) 

4:1 5pm 

DWD4  •  One-step  lithography  for  mass  production  of  multi¬ 
level  diffractive  optical  elements  using  high  energy  beam 
sensitive  gray-level  mask,  Walter  Daschner,  Robert  Stein,  Pin 
Long,  Sing  H.  Lee,  Univ.  California-San  Diego;  Chuck  Wu, 
Canyon  Materials  Inc.  We  present  fabrication  of  multilevel  DOEs 
using  a  HEBS-glass  gray-level  mask.  Ebeam  direct  write  of  the 
mask  avoids  alignment  errors  and  a  transfer  step  generates 
monolithic  DOEs.  (p.  322) 

4:30pm 

DWD5  •  Subwavelength  diffractive  elements  fabricated  in 
semiconductors  for  975  nm,  R.  W.  Smith,  M.  E.  Warren,  J.  R. 
Wendt,  G.  A.  Vawter,  Sandia  National  Laboratories.  The 
performance  of  high  efficiency  subwavelength  anti-reflection 
structures  and  blazed  gratings  fabricated  into  semiconductor 
surfaces  for  975  nm  light  are  discussed,  (p.  325) 

4:45pm 

DWD6  •  Fabrication  of  zone  plates  for  x-ray  microscopy: 
diffractive  optics  for  soft  x-rays,  S.  J.  Spector,  C.  J.  Jacobsen, 
SUNY  Stony  Brook;  D.  M.  Tennant,  AT&T  Bell  Laboratories.  We 
fabricate  Fresnel  zone  plates  and  test  them  as  the  imaging  optic 
in  a  soft  xray  microscope  to  resolve  features  approximately  30 
nm  in  size.  (p.  328) 
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DMA  8:30  am-1 0:00  am 
Gardner  A&B 
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Electromagnetic  theory  of  X-ray  gratings. 

M.  NEVIERE, 

Laboratoire  d'Optique  Electromagnetique,  U.R.A.  CNRS  n  °  843 
Faculte  des  Sciences  de  St-Jerome,  Case  262,  13397  Marseille  Cedex  13,  France 

Diffracting  and  focusing  elements  become  more  and  more  popular  in  soft  and  hard  X- 
ray  spectral  domain  in  view  of  achieving  studies  of  spectroscopy,  luminescence, 
photoemission,  microscopy,  etc  ...  Concerning  diffraction  elements,  i.e.  gratings,  two  main 
types  have  to  be  distinguished.  The  first  type  consists  of  bare  metallic  gratings,  usually  gold 
or  platinum  coated,  which  cover  a  wide  range  of  wavelength,  from  6  A°  to  1000  A°,  and  are 
classical  gratings  used  under  grazing  incidence.  As  "classical  gratings"  with  finite 
conductivity,  their  theory  was  already  published  [1,  2]  at  the  beginning  of  the  1970's. 
However,  due  to  the  high  number  of  propagating  orders  resulting  from  wavelength-to-groove- 
spacing  ratio  (X/d)  less  than  1/100  or  even  1/1000,  the  use  of  the  Integral  Theory  was 
precluded  in  this  spectral  domain,  at  least  with  the  computers  available  at  that  time.  It  is  only 
in  1979  that  we  recognized  [3]  that  due  to  the  specificities  of  X-ray  gratings,  namely  low 
groove-depth-to-groove  spacing  ratios  (h/d)  plus  refractive  indices  close  to  unity,  the  coupling 
between  the  eigenmodes  or  diffracted  orders  was  weak  enough  so  that  it  was  possible  to  get 
accurate  results  with  the  Differential  Theory  by  truncating  the  Fourier  series  of  the  field  to  an 
order  much  less  than  the  number  of  propagating  orders.  This  discovery  opened  the  X-ray 
domain  to  the  use  of  electromagnetic  theory  of  gratings,  and  since  that  time,  the  Differential 
Theory  was  used  to  study  and  optimize  many  X-ray  gratings  for  Synchrotron  Radiation 
Instrumentation  and  important  space  missions  [4-5].  A  computer  software  was  recently 
developed  in  order  to  determine  a  given  number  of  grating  parameters  (e.g.  groove  depth, 
incidence,  groove  spacing  ...)  in  order  to  optimize  a  desired  efficiency  in  TE,  TM  polarization 
or  natural  light  for  a  specified  used.  Spectacular  agreement  was  found  between  theoretical 
predictions  and  measurements  so  that  the  diffraction  of  X-rays  by  a  metallic  grating  can  be 
considered  as  a  well  resolved  problem.  The  modal  method  [6]  developed  in  the  mean  time 
and  used  by  several  authors  led  to  identical  results  with  comparable  computation  time. 

Such  bare  metallic  gratings,  however,  have  the  inconvenience  to  give  high  efficiencies 
at  grazing  incidence  only  ;  since  nowadays,  gratings  are  not  only  asked  to  diffract  light,  but 
also  to  focus  it,  the  result  is  increased  aberrations.  Thus  an  alternative  solution  has  been 
proposed,  which  leads  to  high  efficiencies  under  near  normal  incidence.  It  consists  of  the 
second  type  of  gratings,  called  multidielectric  gratings.  Here  too,  there  are  two  ways  of 
producing  multidielectric  gratings.  The  first  way  consists  of  evaporating  a  stack  of  pairs  of 
dielectric  layers,  with  alternatively  high  and  low  refractive  index,  leading  to  what  will  be 
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called  a  multilayer  coated  grating.  The  second  way  starts  from  plane  multidielectric  stack,  in 
which  a  grating  is  carved  via  ion-etching  technique.  We  then  get  what  is  called  a  Bragg- 
Fresnel  multilayer  grating. 

Since  both  types  of  multidielectric  gratings  involve  a  high  number  of  modulated 
interfaces,  for  a  long  time  they  appeared  to  be  a  challenge  to  grating  theoreticians.  The  first 
type  (i.e.  multilayer  coated  gratings)  was  first  adressed  in  1991  [7]  and  the  Differential 
Theory  of  gratings  was  extended  to  deal  with  such  a  multiprofile  grating  whose  interfaces  are 
not  separable,  i.e.  they  cannot  be  studied  separately,  and  liked  to  each  other  through  Rayleigh 
expansions.  The  method  turned  out  to  be  successful  to  study  gratings  coated  with  several  tens 
or  a  few  hundred  of  dielectric  layers,  provided  the  groove  depth  is  small  enough,  which  is 
always  almost  the  case  in  X-ray  domain.  The  second  type,  i.e.  Bragg-Fresnel  multilayer 
gratings,  was  recently  resolved  [8]  for  any  groove  shape  by  computing  the  product  of  the 
transmission  matrices  of  the  elementary  gratings  carved  in  each  dielectric  layer.  Such  a 
method  again,  turned  out  to  be  efficient  in  X-ray  domain  with  a  few  hundred  of  dielectric 
layers. 


For  both  multidielectric  gratings  however,  when  the  groove  depth  increases, 
contamination  linked  with  growing  exponential  functions  in  the  numerical  integration  process 
limits  the  validity  of  the  method.  This  difficulty  has  been  resolved  recently  by  several  authors 
[9]  who  proposed  a  scheme  called  R  (and  S)-matrix  propagation  algorithm  and  variants  [10]. 
The  use  of  such  algorithms  has  enabled  the  Differential  Theory  to  deal  with  high  blaze  angle 
(e.g.  10°)  gratings  coated  with  several  tens  of  dielectic  layers  and  used  in  an  order  as  high  as 
60.  Such  an  X-ray  echelle  turns  out  to  be  of  special  interest  for  achieving  ultra-high  resolution 
(==  10^)  in  X-ray  fluorescence  experiment.  The  study  of  an  echelle  working  at  extremely  low 
Xld  ratio  requires  being  able  to  integrate  150x150  or  200x200  equation  sets  without  numerical 
instability.  It  has  been  resolved  in  [11]  and  numerical  results  for  X-ray  echelles  will  be 
published  in  [12]. 

As  a  consequence  of  the  new  possibilities  in  grating  computation,  unperiodic  focusing 
devices  such  as  Bragg-Fresnel  linear  zone  plates  can  be  studied  via  the  electromagnetic 
theory.  It  suffices  to  consider  the  limited  zone  plate  as  a  bump  of  a  lamellar  Bragg-Fresnel 
grating  (with  a  groove  period  high  enough  to  avoid  coupling  between  adjacent  bumps)  and  to 
resolve  the  grating  problem.The  influence  of  parameters  which  are  out  of  the  scope  of  the 
physical  optics  theory  (e.g.  the  groove  depth)  on  the  focusing  potentialities  can  then  be 
analyzed  [13]. 

Spectacular  comparisons  between  theorerically  predicted  grating  efficiencies  and 
measurements  in  soft  and  hard  X-rays  will  be  presented  at  the  conference. 
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Optimal  Design  of  Low  Order  Diffractive  Structures 

David  C.  Dobson  J.  Allen  Cox 

Dept,  of  Mathematics  Honeywell  Technology  Center 

Texas  A&M  University  3660  Technology  Drive 

College  Station,  TX  77843-3368  Minneapolis,  MN  55418 
409-845-3261  612-956-4769 

Fax:  409-862-4190  Fax:  612-956-4517 

1.  Introduction.  A  low  order  diffractive  structure  has  a  period  A  of  the  same  magnitude  as  the  incident 
wavelength  (A),  A  «  0{X),  and  thus  admits  only  a  few  (0(1))  propagating  orders.  An  important  subclass  is 
defined  by  A  <  A,  for  which  only  zero  order  propagates,  and  includes  antireflective  (”moth-eye”)  structures, 
form  birefringent  phase  plates,  wire  grid  polarizers,  and  resonant  guided  wave  filters.  An  example  lying  in 
the  broader  class  is  represented  by  the  outer  zones  of  a  fast  (//I)  Fresnel  phase  lens,  where  A  «  2A. 

An  important  problem  for  this  class  of  diffractive  structures  is  the  design  of  the  detailed  structure  in  the 
unit  cell  of  the  periodic  array  to  achieve  optimal  performance  in  some  sense.  Usually,  this  means  finding  a 
surface  profile  which  maximizes  diffraction  efficiency  within  a  prescribed  tolerance  in  either  a  specified  order 
or  a  set  of  orders.  In  the  case  of  moth-eye  gratings,  previous  efforts  in  this  direction  have  been  constrained 
by  ansatzes  of  the  profile  shape,  e.g.,  either  polynomial  form  [1]  or  other  analytical  forms  [2].  The  difficulty 
of  the  problem  for  the  broader  class  of  structures  has  been  pointed  out  recently  [3].  Because  A  ss  A,  it  is 
well  known  that  phase  reconstruction  methods  based  on  the  Fourier  approximation  are  inadequate  and  that 
a  more  rigorous  approach  is  needed. 

Here  we  present  two  methods  for  optimal  design  of  low  order  diffractive  structures  based  on  the  Helmholtz 
equation  developed  by  one  of  authors  (DCD)  and  reported  in  the  mathematics  literature  [4,  5]  and  only  briefly 
in  the  optics  literature  [7].  The  first  method,  relaxed  optimization,  typically  yields  structures  in  the  unit 
cell  which  either  are  continuous  in  the  refractive  index  or  are  multiply-connected  regions  in  discrete  indices. 
Because  of  their  ’’relaxed”  form,  such  structures  provide  exceptional  performance,  giving,  for  example, 
very  low  reflectivity  moth-eye  gratings  with  extremely  low  aspect  aspect  ratio.  Theoretically,  the  relaxed 
method  also  forms  the  basis  for  theorems  placing  effective  medium  theory  [8]  of  zero-order  gratings  on  a 
sound  mathematical  foundation.  The  second  method,  shape  optimization,  yields  a  more  practical  simply- 
connected  profile  as  the  interface  between  two  regions  of  constant  index.  This  method  can  provide,  for 
example,  relatively  high  efficiency  in  staircase  profiles  having  only  three  or  four  steps. 

We  start  with  a  concise  statement  of  the  mathematical  problem  and  proceed  to  illustrate  the  two 
optimization  approaches  with  examples  in  subsequent  sections.  Only  brief  a  summary  of  each  approach  is 
presented  here.  Mathematical  details  can  be  found  in  the  references  [4,  5,  7].  A  more  detailed  paper  will 
appear  in  the  optics  literature. 

2.  Statement  of  the  Problem.  The  starting  point  for  our  approach  is  rigorous  grating  theory.  We 
consider  a  periodic  structure  defined  by  some  surface  profile  S  which  separates  two  homogeneous  materials. 
In  principle  this  surface  can  be  nonsmooth,  and  it  does  not  have  to  be  the  graph  of  a  function  of  one  variable. 
In  the  case  of  J?-parallel  polarization  on  a  linear  grating.  Maxwell’s  equations  reduce  to  the  scalar  Helmholtz 
equation 


(A  4-  as)u  =  0 
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where  A  =  ^  +  ^,  and  the  function  as  is  defined  by 

s  _  f  kf  if  (x,7/)  is  above  5, 
o-s\x,y)  “  I  \x,y)  is  below  5, 

where  fci,  ^2  are  the  (complex,  in  general)  refractive  indices  of  the  two  materials.  Our  general  approach  is 
applicable  to  other  polarization  cases  including  the  full  vector  Maxwell  equations,  although  the  details  are 
more  difficult.  Our  analysis  and  numerical  methods  are  based  on  a  variational  formulation  of  the  problem. 
Analysis  including  existence  and  uniqueness  results,  as  well  as  the  convergence  of  numerical  finite  element 
methods  for  the  problem  has  appeared  in  the  applied  mathematics  literature  [6]. 

The  general  form  of  the  design  problem  we  consider  is:  determine  a  profile  S  which  generates  a  specified 
“output”  for  a  given  incident  beam,  or  range  of  incident  beams.  The  “output”  consists  of  the  intensity  (or 
phase  and  intensity)  of  the  outward  propagating  reflected  and  transmitted  orders.  One  way  to  turn  this  into 
a  mathematically  viable  problem  is  to  state  it  as  a  minimization: 

(1)  mjn  J(5)  =  ||F(5) -p|li, 

where  F{S)  is  the  vector  containing  the  reflected  and  transmitted  orders  diffracted  from  the  surface  profile 
5,  and  g  is  the  desired  “output”  of  the  grating.  Note  that  calculating  F{S)  requires  solving  the  Helmholtz 
equation. 

The  problem,  as  stated,  is  “ill-posed”.  In  this  case  the  meaning  of  ill-posedness  is  that  sequences  of 
admissible  design  profiles  Sn  exist  which  minimize  J{S)  but  do  not  converge  to  an  admissible  design.  There 
are  basically  two  remedies.  First  is  to  “relax”  the  problem  by  enlarging  the  class  of  admissible  designs  to 
include  “mixtures”  of  the  two  materials.  This  approach  is  mathematically  sound  and  is  closely  related  to 
ideas  in  effective  media  theory.  One  practical  consequence  of  the  associated  analysis  is  that  stvuctuves  with 
graded  refractive  indices  k{x^y)  with  ki  <  k{x^y)  <  k2  can  always  be  realized  as  a  limit  of  (possibly  highly 
oscillatory)  surface  profiles  separating  two  homogeneous  materials. 

The  second  remedv  to  ill-posedness  to  to  constrain  the  class  of  admissible  designs  to  eliminate  the 
nonconvergent  sequences.  Typical  approaches  used  in  inverse  problems  involve  smoothness  constraints.  Such 
constraints  are  not  appropriate  for  gratings,  since  mask-etch  type  fabrication  processes  often  yield  profiles 
with  edges.  Our  approach  is  a  “total  variation”  constraint  which  allows  nonsmooth  profiles,  but  limits  the 
total  amount  of  oscillation  in  the  profile.  More  precisely,  if  S  is  given  by  the  graph  of  a  function  s(x),  we 
insist  that 

TV{s)  =  j  ls'(x)l  dx  <  C, 

where  C  is  a  bound  on  the  allowed  oscillation.  One  potential  disadvantage  of  this  approach  is  that  choosing 
C  too  small  may  produce  sub-optimal  designs.  However  we  have  found  that  generally  C  can  be  adjusted 
to  give  a  satisfactory  tradeoff  between  optimality  and  complexity  of  the  structure.  This  approach  is  also 
mathematically  sound  [5]. 

For  both  approaches  (relaxed  design  and  shape  design),  we  employ  large-scale  numerical  optimization 
algorithms  to  solve  the  discretized  minimization  problem  (1).  These  algorithms  take  advantage  of  the 
underlying  structure  of  the  problem  for  improved  efficiency,  and  use  “adjoint-state”  techniques  from  optimal 
control  theory  to  calculate  derivative  information  from  the  partial  diflPerential  equations. 
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Fig.  1.  Optimized  moth-eye  profile.  Plot  shows  the  volume  fraction  of  substrate  in  each  cell  (black  is  substrate,  white  is  air). 

3.  Design  Examples. 

3.1  Relaxed  Optimization.  Our  first  example  illustrates  the  relaxed  design  approach.  In  this  problem,  we 
optimize  a  dielectric  grating  structure  in  such  a  way  that  the  total  reflected  energy  is  minimized  over  a  given 
range  of  incidence  angles. 

The  parameters  for  this  example  are:  ki  =  1,  k2  =  1.6,  A  =  1,  A  =  0.5.  The  range  of  incidence  angles 
is  chosen  to  be  ±1.2  radians  (about  ±69  degrees).  An  initial  triangular-shaped  profile  had  low  reflectivity- 
near  normal  incidence,  but  as  expected  showed  much  increased  reflectivity  at  sharper  angles.  The  profile 
shown  in  Figure  1  was  obtained  using  our  method  and  exhibits  reflectivity  below  0.2%  over  ±1.1  radians. 
The  highest  reflectivities  still  occur  at  the  sharpest  angles,  but  are  reduced  by  orders  of  magnitude  over  the 
triangular  profile. 

As  noted  earlier,  the  analysis  leading  to  the  relaxed  design  approach  shows  that  graded  index  structures 
of  the  type  illustrated  in  Figure  1  can  be  realized  as  a  limit  of  sharp  interfaces  between  two  materials.  In  [4] 
we  calculated  the  reflectivity  of  such  a  structure  and  found  that  the  performance  was  not  greatly  degraded. 

3.2  Shape  Optimization.  Consider  the  problem  of  maximizing  the  energy  in  the  ±1  transmitted  order,  given  a 
normally  incident  plane  wave  on  a  grating  which  supports  nine  transmitted  orders.  The  material  parameters 
are  ki  =  I,  ko  =  1.5.  Figure  2  shows  a  design  for  such  a  structure  obtained  by  optimization  under  the 
Fourier  approximation.  This  design  is  very  intuitive.  It  directs  70%  of  the  incident  energy  into  the  ±1 
transmitted  order.  However,  the  figure  clearly  shows  the  disturbances  in  the  diffracted  field  which  result  in 
wasted  energy. 

Using  the  profile  in  Figure  2  as  an  initial  guess,  we  applied  our  minimization  algorithm  with  the  total 
variation  constraint  to  obtain  a  95%  efficient  profile  S.  The  profile  was  judged  to  exhibit  a  satisfactory 
tradeoff  between  shape  complexity  and  efficiency.  To  obtain  a  “manufacturable”  profile,  we  then  approxi¬ 
mated  S  by  the  4-level  structure  shown  in  Figure  3.  The  efficiency  decreased  from  95%  to  87%,  but  this  still 
represents  a  gain  of  17%  efficiency  over  the  ramp  profile  of  Figure  2.  We  should  note  that  by  loosening  the 
total  variation  constraint  on  the  profile,  designs  with  up  to  99.9%  efficiency  were  achieved.  However  they 
were  too  oscillatory  to  be  of  practical  use. 

We  have  applied  this  method  with  success  to  many  other  design  problems.  For  some  classes  of  problems, 
the  method  yields  relatively  simple  profiles  with  efficiency  close  to  100%. 
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Fig.  2.  Optimal  ramp  profile.  Gray-scale  plot  shows  the  real  part  of  the  diffracted  field.  The  structure  directs  70%  of  the 
incoming  energy  into  the  +1  transmitted  order. 


Fig.  3.  An  87.0%  efficient  4-level  approximation  to  an  optimal  profile,  and  the  real  part  of  the  diffracted  field. 

4.  Summary.  We  have  presented  a  brief  overview  of  two  optimal  design  methods  for  low  order  diffractive 
structures.  Both  methods  are  based  directly  on  rigorous  grating  theory,  utilize  the  full  partial  differential 
equation  model,  and  are  mathematically  sound.  These  methods  have  been  implemented  numerically  and  have 
been  used  to  generate  high  efficiency  structures.  The  first  method  is  closely  related  to  effective  medium  theory 
and  generates  “relaxed”  designs.  The  second  method  finds  an  optimal  interface  between  two  homogeneous 
materials  and  can  be  used  to  generate  highly  efficient  continuous  profiles,  as  well  as  practical  stairstep  profiles 
by  approximation. 
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The  boundary  element  method  (BEM)  is  a  numerical  technique  to  solve  the  boundary  integral 
equations  for  the  vector  analysis  of  diffraction.^’^  Boundary  integral  methods  model  the  interaction 
between  an  incident  field  and  a  diffractive  optical  element  (DOE)  using  distributions  induced  on  the 
surface  of  the  DOE  by  the  incident  field.  For  a  conductor  the  surface  distribution  is  a  current  and,  for 
a  dielectric,  it  is  a  polarization  field.  Re-radiation  from  the  surface  distribution,  in  turn,  generates  a 
diffracted  field.  The  objective  of  the  BEM  is  the  determination  of  the  surface  distribution  given  the 


incident  field  and  DOE. 
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Alternative  approaches  to  the  solution  of  vector-based  diffraction  include  differential  methods,  ’ 
volume  integral  methods, and  variational  techniques/’®  However,  the  advantages  of  the  BEM  over 
these  other  methods  are  that  it  is  applicable  to  finite  aperiodic,  as  well  as  infinitely  periodic,  DOEs, 
only  the  surface  of  the  DOE  needs  to  be  sampled,  and  once  the  surface  distribution  is  known  for  a 
given  incident  field,  it  can  be  used  to  determine  the  complex  vector  field  amplitudes  anywhere  in  space 
or  over  independent  regions  of  space.  However,  the  BEM  requires  a  Green’s  function,  which  limits  its 
application  to  homogeneous,  or  discretely  inhomogeneous,  media.  In  this  paper  we  present  our  work  on 
the  analysis  of  finite  extent,  aperiodic,  homogeneous  conducting  and  dielectric  DOEs  using  the  BEM. 


We  assume  that  the  incident  field  is  a  uniform  TE-polarized  plane  wave,  in  which  case  only  the 
transverse  component  of  the  electric  field  needs  to  be  considered.  As  shown  in  Fig.  1  the  solution  space 
is  divided  into  two  homogeneous  regions:  region  I,  which  contains  the  DOE,  and  region  O,  which  is  free 
space.  The  boundary  integral  equations  that  describe  the  coupling  between  the  fields  on  the  surface  of 
the  DOE  and  those  in  free  space  are^’^ 


0  =  E-(r,)(l-±)+/[E-(r')22l|^-G,(r..r')  ^ 

.  E-,.)  (l  -  1)  ij  [e-  (O  M 


(la) 


dl' 


(s)^/ 


Go(r,,r') 


dE^ 


dfi 


^  on 


dl' 


(lb) 


where  where  f  is  Cauchy’s  principal  value  of  integration,  E*"‘’(r)  and  E®‘’(r)  are  the  incident  and 
scattered  fields,  respectively,  is  a  point  on  the  DOE  surface  C,  and  Go(ts,J^')  and  Gj(rs,r')  are  the 
Green’s  functions  for  the  regions  O  and  I.  The  phase  6  is  the  angle  subtended  by  the  boundary  at  the 
point  Ts  =  r',  which  is  a  point  in  the  contour  integral  at  which  a  singularity  occurs.^  The  total  field 
E“’‘(r)  is  the  sum  of  E<”‘=(r)  and  E*‘=(r). 


To  determine  the  total  electric  field  using  the  BEM  one  samples  the  contour  C,  which  reduces 
Eqs.  (la)  and  (lb)  to  a  single  matrix  equation  in  terms  of  the  incident  field  values  at  the  sample  points 
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and  =  dE^‘^/dn  and  the  unknown  scattered  field  values  E^^  and  =  dE^/dh.  Solution 
of  the  matrix  equation  yields  the  scattered  field  values  only  at  the  sampled  nodes;  the  field  values 


elsewhere  are  determined  via  interpolation: 

=  (2a) 

n=l  n—1 

Q*"(r'(6)  =  E^"(0  =  EQr<Ai(0+Qr+i<^2(0-  (2b) 

n—l  n—l 

In  our  analysis  we  used  linear  interpolation, 

MO  =  (1-6/2,  (3a) 

<^2(6  =  (1  +  6/2,  (3b) 

where  ^=[—1,1].  The  interpolated  field  values  are  used  to  determine  the  scattered  field  everywhere, 

E*"(r)  =  f  (r')  Go  (r,r')  -  (r')  dl' ,  r  e  O,  (4) 

Jc  I  an  j 


and  the  total  field  is  obtained  by  summing  the  scattered  field  with  the  incident  field. 

To  validate  our  implementation  of  the  BEM,  we  used  it  to  analyze  the  diffraction  of  a  1.0-^m 
wavelength  TE-polarized  plane  wave,  i,e.,  electric  field  perpendicular  to  the  plane  of  incidence,  by  an 
infinitely  long,  0.5-^m  radius  dielectric  cylinder  that  has  a  relative  permiability  of  2.25.  In  Fig.  2  we 
compare  the  electric  field  magnitude  determined  by  BEM  to  that  of  the  analytic  solution.^  Agreement 
between  the  two  is  apparent.  The  boundary  of  the  cylinder  was  sampled  at  A/47. 

The  analysis  presented  above  is  applicable  to  both  dielectrics  and  imperfect  conductors.  For  perfect 
conductors,  the  coupled  integral  equations  are  reduced  to  a  single  equation  because  the  total  electric 
field  both  inside  a  perfect  conductor  and  on  its  boundary  is  zero.  Thus,  Eq.  (la)  degenerates  to  zero 
and  Eq.  (lb)  reduces  to 

E-(r3)-~/  Q^^(rOGo(r„rOd/'. 

Jc 


(5) 
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For  convenience,  the  unit  normal  is  now  pointing  into  region  O.  If  we  restrict  ourselves  to  one¬ 
dimensional  elements,  we  can  simplify  Eq.  (5)  further  to 


E'-(x, , y.)  =  ^  /  J y') {0o di', 

J  C 


where  we  have  used  the  relationships  =  — E^^(rs),  J  (r')  =  (l/ju;/i)[9E^®^  (r')/^n],  and, 

for  diffraction  in  two  dimensions,  Go  (r,r')  =  (j3o  \/{a:  -  x')^  +  {y  -  y')^)  •  The  function 

is  the  zeroth  order  Hankel  function  of  the  second  kind. 


As  before,  to  determine  the  total  electric  field  in  O,  one  first  samples  the  contour  C  and  solves  for 
the  current  values  at  the  sample  points.  In  terms  of  the  surface  current  values  at  the  sample  points, 
the  total  electric  field  is 

E‘°‘(x,2/)  =  E‘"=(x,y)-^^  J]  A4  (7) 

n=l 

X  J  "b  *^n+102(O]  ^0  ^  ^  (01  “h  [y  ~  yn(0]  ^ 

where  (pi{0  (l)2{0  ssune  linear  interpolation  functions  used  above,  Ain  is  the  length  of  the 

nth  segment,  and 


^n(0  —  ^7101  (0  ^71+1^2(0 5 

yTi(0  =  yn</>i(0  +  yn+i</>2(0- 


Our  implementation  of  the  BEM  for  conductors  was  validated  by  comparing  the  far-field  magnitude 
of  the  diffracted  field  from  a  perfectly  conducting  plate  as  determined  by  BEM  to  that  predicted  by 
scalar  theory.  The  plate  dimensions  were  20.0  fj,m  x  1.0  ^m  and  its  surface  was  sampled  at  A/23.7. 
The  comparison  presented  in  Fig.  3  indicates  agreement  between  the  two  theories  at  a  distance  of  lOOA 


behind  the  plate. 
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Figure  1.  Representation  of  diffractive 
element  for  analysis  using  the  boundary 
element  method. 


Figure  2.  Comparison  of  diffracted 
electric  field  magnitude  from  a  dielectric 
cylinder  calculated  using  BEM  (dotted 
line)  to  magnitude  determined 
analytically  (solid  line). 


Figure  3.  Comparison  of  diffracted 
electric  field  magnitude  from  a  conducting 
plate  into  the  far-field  calculated  using 
BEM  (dotted  line)  to  magnitude  predicted 
by  scalar  theory  (solid  line). 
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1.  Introduction 

Several  methods  exists  to  analyze  grating  diffraction  problems  by  solving  rigorously  Maxwell's  equations.  In  some 
circumstances,  all  these  methods  suffer  from  some  numerical  instabilities  and  difficulties.  We  focus  on  a  method 
originally  derived  from  the  integral  method,  namely  the  coupled-wave  method  (RCWA)  formulated  by  Moharam 
and  Gaylord'.  This  method  is  known  to  be  slowly  converging  especially  for  TM  polarization  of  metallic  lamellar 
gratings.  The  slow  convergence-rate  has  been  analyzed  in  detail  by  Li  and  Haggans^.  In  this  paper,  we  provide 
numerical  evidence  that  the  coupled-wave  method  is  slowly  converging  for  conical  mounts  of  one-dimensional 
metallic  grating.  By  reformulating  the  eigenproblem  of  the  coupled-wave  method,  we  provide  numerical  evidence 
that  highly  improved  convergence-rates  similar  to  the  TE  polarization  case  can  be  obtained  for  conical  mounts.  Of 
course,  this  result  can  be  applied  to  the  case  of  TM  polarization  for  non-conical  mounting,  which  is  a  particular 
c^  of  the  general  conical  mounting  diffraction  problem.  We  reveal  that  the  origin  of  the  slow  convergence  in  the 
original  RCWA  method  is  not  due  to  the  use  of  Fourier  expansions  (as  was  argued  by  Li  and  Haggans),  but  to  an 
inadequate  formulation  of  the  eigenproblem. 

2.  Reformulation  of  the  eigenproblem 

The  RCWA  computation  is  twofold.  The  Fourier  expansion  of  the  field  inside  the  grating  provides  a  system  of 
differential  equations.  Once  the  eigenvalues  and  eigenvectors  of  this  system  are  found,  the  boundary  conditions  at 
the  grating  interfaces  are  matched  in  order  to  compute  the  diffraction  efiBciencies.  In  the  following,  we  focus  on  the 
eigenproblem  of  one-dimensional  gratings. 

Notations 

The  notation  used  in  this  paper  are  strictly  those  of  Ref.  3.  Let  us  consider  a  one-dimensional  periodic  structure 
along  the  x  axis  with  an  arbitraiy  permittivity  profile  e(x),  see  Fig.  1.  The  z  axis  is  peipendicular  to  the  grating 
boundanes.  The  grating  is  invariant  in  the  y  direction.  Magnetic  effects  are  not  considered.  £o  is  the  permittivity 
of  the  vacuum.  The  period  of  the  structure  is  denoted  by  A  and  the  grating  vector  K  is  equal  to  lidK.  An  incident 
plane-wave  makes  an  angle  a  with  the  z  direction  in  a  conical  mounting  (5  0).  v|/  is  the  angle  between  the 

polarization  vector  and  the  plane  of  incidence,  ko  and  ki  represents  the  incident  plane-wave  vector  in  a  vacuum  and 
in  the  incident  medium,  respecUvely.  A  temporal  dependence  in  e'“‘  of  the  wave  is  assumed  (j^=-l)-  will  denote 
the  mth  Fourier  coefficient  of  8(x)/£o  and  am  will  be  used  to  denote  the  mth  Fourier  coefficients  of  £o/s(x). 

new  formulation 

The  new  eigenproblem  formulation  linking  the  normalized  vector  amplitudes  of  the  ith  space-harmonic  fields 
inside  the  grating  region.  Si  and  Ui ,  to  their  first  derivative,  is 
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*  I  is  the  identity  matrix, 

*  E  is  the  matrix  formed  by  the  permittivity  harmonic  coefficients, 

*  A  is  the  matrix  formed  by  the  inverse-permittivity  harmonic  coefficients, 

*  Kx  is  a  diagonal  matrix  with  the  i,i  element  being  ( (k,  sin  CC  COS  5  —  iK)  )/ko, 

is  a  diagonal  matrix  equal  to  I .  (kj  sin  (X  sin  5)  /ko, 

The  only  difference  between  the  conventional  formulation  (see  Eq,  (57)  of  Ref  3)  and  the  new  formulation 
of  Eq.  (1)  is  in  the  third  row  of  the  second  column,  where  matrix  E  -  K"  has  been  replaced  by  A  -  Ky .  Since 

a  ’  is  identical  to  E  when  an  infinite  number  of  orders  are  retained,  Eqs.  (1)  and  (57)  in  Ref  3  are  fully  equivalent. 
As  will  be  shown  with  numerical  examples  in  the  next  Section,  this  equivalence  is  only  true  when  an  infinite 
number  of  orders  is  retained.  When  truncating  the  matrices  for  simulation  purposes,  we  will  see  that  the  two 
eigenproblem  formulations  provide  highly  different  convergence-rates. 

Using  the  second  derivative  of  the  field  vector,  the  eigenproblem  of  Eq.  (1)  reduces  to 

k;1u;]  =  [K;+K=-E][U,],and 
k?[s:]  =  [K,E-'K,A-'  +K;  -  A-'][S.]. 

Equations  (2)  are  new  formulations  of  Eq.  (60)  in  Ref  3,  and  can  be  used  to  save  computational  time. 


3.  Numerical  example 

The  grating  problem  analyzed  here  is  shown  in  Fig.  1.  The  incident  medium  is  air  and  the  substrate  is  a  highly 
absorbent  metal,  with  a  optical  index  0.22+j6.71.  The  incident  wavelength,  grating  depth  and  period  are  equal  to  1 
pm.  The  fill  factor  is  0.5.  The  diffraction  geometry  correspond  a  30°  angle  of  incidence,  a  30°  azimuthal  angle, 
and  a  45°  angle  between  the  electric-field  vector  and  the  plane  of  incidence  (a  =  30°,  5  =  30°,  and  vp  =  45°).  In  Fig. 
2  the  diffraction  efficiencies  of  the  negative  first-  and  zeroth-order  are  shown  as  a  function  of  the  number  of 
retained  orders.  The  solid  lines  are  obtained  with  the  conventional  formulation  of  Eq.  (57)  in  Ref  3,  and  the  dotted 
lines  are  obtained  with  the  new  eigenvalue  formulation.  We  first  note  that  the  conventional  formulation  provides 
slow  (oscillating)  convergence-rates.  We  also  note  that  the  new  formulation  provides  faster  and  smoother 
convergence-rates.  For  example,  for  the  zeroth-order  diffracted  plane  w'ave,  the  numerical  values  of  the  diffraction 
efficiencies  are  10.58%,  10.11%,  10.08%  and  10.07%  when  25,  51,  75,  and  125  orders  are  retained  with  the  new 
formulation.  With  the  conventional  formulation,  the  corresponding  diffraction  efficiencies  are  1.38%,  7.70%, 
8.99%,  and  9.42%. 

We  conclude  that  the  new  formulation  with  25  retained  orders  provides  more  accurate  results  than  the 
conventional  formulation  with  125  retained  orders.  The  improved  convergence  rates  illustrated  in  Fig.  2  is  not  an 
isolated  case.  All  our  simulation  results  show  an  improvement  ei'en  for  dielectric  and  non-lamellar  gratings,  and 
for  small  or  large  period-to-wavelength  ratios.  Two  other  cases  are  reported  in  Ref.  4.  Also  in  Ref.  4,  an 
interpretation  of  the  convergence-rate  improvement  is  provided  by  considering  the  eigenvalue  problem  in  the  quasi¬ 
static  limit,  where  the  grating  period  is  very  small  compared  to  the  wavelength. 

For  a  given  reasonable  accuracy,  ffie  new  eigenproblem  formulation  saves  considerable  time  and  computer 
memory  since  fewer  orders  have  to  be  retained.  This  is  especially  true  when  arbitrary  profile-surfeces  are 
approximated  by  a  stack  of  lamellar  gratings,  or  when  several  grating  depths  are  studied  for  a  given  diffraction 
problem.  We  hope  that  this  new  formulation  will  be  helpful  when  analyzing  grating  diffraction  problems  with 
RCWA. 
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Fig.  1  Geometry  for  the  conical  grating  diffiaction 
problem  analysed  in  this  paper  (a  =  30°,  5  =  30° 
and  v(/  =  45°).  The  grating  parameters  are  given 
in  Section  3. 


ig-  ifiraction  efficiencies  of  the  reflected  negative  first-  and  zeroth-orders  of  the  metallic  grating  of  Fig.  1. 
The  solid  lines  are  obtained  with  the  conventional  eigenproblem  formulation  of  Ref.  3.  The  dotted  lines 
are  obtained  with  the  new'  formulations  of  Eqs.  (1)  or  (2). 
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1.  Introduction 

Recently,  Lalanne  and  Morris',  and  Granet  and  GuizaF  numerically  achieved  dramatic  improvement 
in  the  convergence  rate  of  the  modal  method  by  Fourier  expansion  (MMFE,  also  called  the  coupled- 
wave  method)  for  metallic  gratings  in  TM  polarization  by  reformulating  the  algebraic  eigenvalue 
problem.  Figure  1  shows  a  numerical  comparison  between  the  old  and  new  formulations  for  a  case 
studied  in  Ref.  3.  Their  work  convincingly  proved  that  the  cause  of  the  slow  convergence  of  the 
MMFE  is  not  the  use  of  the  Fourier  series  but  the  way  in  which  the  Fourier  series  of  the  permittivity 
and  reciprocal  permittivity  functions  are  used. 
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Fig.  1  Comparison  between  the  new  and  old  Fig.  2  A  periodic,  piecewise-constant  medium, 

formulations  of  the  MMFE. 


In  the  old  formulation,  one  solves  the  second  order  differential  system”*  [the  Gaussian  system 
of  units,  the  coordinate  system  of  Fig.  2,  and  the  time  dependence  exp(— /(of)  are  used  in  this  paper] 
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Here,  kQ  is  the  vacuum  wavenumber,  Po  1>  ^mp  is  the  Kronecker  symbol,  6„  and  [l/e]„  are  the 
Fourier  coefficients  of  the  permittivity  and  reciprocal  permittivity  functions,  is  the  y  dependent 
Fourier  coefficient  of  the  magnetic  field,  and  a„  =  a,Q  +  n  K,  with  K  =  2Tzld  and  Kq  being  the 
Floquet  exponent.  In  the  new  formulation,  one  solves''^ 


dy2 


oc. 
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mp 


I  Z/’  ' 


(2) 


where  I/l  denotes  a  matrix  generated  by  the  Fourier  coefficients  of  /  such  that  its  (n,ni)  entry  is 
and  —1  denotes  matrix  inverse.  Thus,  the  only  difference  between  the  new  and  old 
formulations  is  the  manner  in  which  the  permittivity  function  appears  in  the  equations:  the  new 
formulation  uses  Il/el”'  and  le]''  instead  of  le]  and  Il/e],  respectively.  It  should  be  mentioned 
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that  there  is  another  version  of  the  old  formulation,  recently  presented  byMoharam  etal.^,  in  which 
the  matrix  [l/el  in  Eq.  (1)  is  replaced  by  Id”': 

=  E  )^zp' 

uy  m  p 

The  authors  of  Refs.  1  and  2  did  not  provide  any  answer  to  the  question;  what  is  the 
fundamental  difference  between  the  two  formulations?  They  also  did  not  say  how  they  discovered 
the  new  equation.  Indeed,  their  discovery  appears  all  too  accidental  or  empirical. 

In  this  paper,  I  prove  that  the  reason  for  the  success  of  the  new  formulation  is  that  it 
uniformly  preserves  the  continuity  of  the  appropriate  field  components  across  the  discontinuities  of 
the  permittivity  function;  by  inference,  the  old  formulations  do  so  only  nonuniformly.  I  will  provide 
the  mathematical  basis  for  the  new  formulation.  Furthermore,  I  will  describe  the  correct  procedures 
for  Fourier-analyzing  the  electromagnetic  field  components  in  Maxwell’s  equations  such  that  the 
required  field  continuity  is  preserved  across  the  discontinuities  of  the  permittivity  function. 

2.  Mathematical  Theorems 

All  functions  in  this  section  are  assumed  to  be  periodic  in  x  with  periodicity  d.  For  convenience  I 
assume  that  all  piecewise  continuous  functions  have  only  one  jump  in  [0,J).  The  generalization  of 
the  results  given  below  to  functions  having  a  finite  number  of  Jumps  is  straightforward.  Two 
piecewise  continuous  functions,  f{x)  and  g{x),  are  said  to  have  a  pair  of  concurrent  jumps  at  x^  if 

/(A^o+O)  -/Uo-O)  0, 

■  SiXfy-O)  *  0. 

The  jumps  are  said  to  be  complementary  if 

/(Xo-O)g(Xo-O)  =/(A:o+0)g(A:o+0). 

As  in  Section  1,  a  function  name  with  an  integer  subscript  is  used  to  denote  a  Fourier  coefficient 
of  that  function.  The  Fourier  series  of  the  function  f{x)  is  denoted  by  S(f,x),  which  is  not  necessarily 
equal  to  /.  The  partial  sum  of  the  first  N  terms  (from  -  to  AO  of  S(f,x)  is  denoted  by  SJf,x). 
Fourier  factorization  means  the  expression  of  the  Fourier  coefficient  of  a  product  in  terms  of  the 
Fourier  coefficients  of  its  factors.  The  following  results  are  stated  without  proof  (please  see  Ref.  6 
for  the  proofs). 

Theorem  1  (Fourier  factorization  of  a  product  of  a  continuous  function  and  a  piecewise  continuous 
function)  If  both  fix)  and  g(x)  are  piecewise  smooth  and  at  least  one  of  them,  say  g(x),  is  continuous 
everywhere,  then  the  Fourier  coefficient  of  h(x)  =  fix)  g{x)  is  given  by  the  Cauchy  product  of  {f„}  and 

{gnY 

{RuleV)  ~  ^ fn-mSm'  (6) 

m 

Theorem  2  If  functions  f  and  g  are  piecewise  smooth  with  a  pair  of  concurrent  jumps  at  Xg,  and  the 
trigonometric  series  generated  by  the  formal  multiplication  of  S(f,x)  and  S(g,x)  converges,  then  the 
convergence  of  the  resultant  series  is  nonuniform  in  the  neighborhood  of  Xg,  and 

K  * 

m 

where  h„  is  the  Fourier  co^cient  of  h(x)  that  is  defined  by 


(4) 

(5) 


(7) 
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Theorem  3  (Fourier  factorization  of  a  product  of  two  functions  with  complementary  jumps)  If 
functions  f  and  g  satisfy  the  conditions  of  Theorem  2  and  their  jumps  at  are  complementary,  then 
the  conclusions  of  Theorem  2  hold.  Furthermore,  if  fix)  *  Ofor  x  e  [0,d),  then 


{Rule  2) 


Corollary  If  fix)  is  a  piecewise  smooth  function  having  a  finite  number  of  jumps  in  then 

[/l-i  ^  |1  .  (10) 

To  demonstrate  the  practical  significance  of  the  abstract  mathematical  results,  I  provide  the 
following  example.  Let 


D 


d  -  2\x 
d-d,  ’ 


\x\  <  d,  12, 

dJ2  <  |x  I  ^  dl2. 


(11) 


Furthermore,  let  us  assume  that  A  *  B,  AC  =  BD  *  0‘  therefore,  /  and  g  have  complementary 
jumps  at  X  =  ±  dj2,  and  h{x)  as  defined  by  Eq.  (8)  is  continuous.  Figure  3  shows  the  three 
functions  in  three  different  line  thicknesses.  Figure.  4  contains  two  close-up  plots  of  S^hpc)  in  the 
neighborhood  of  x  =  dfl.  The  oscillatory  curve  is  obtained  using  h„  given  by  Eq.  (6).  The 
nonuniform,  slow  convergence  and  the  deviation  from  h{x)  at  x  =  dj2  is  quite  prominent.  In 
contrast,  the  non-oscillatory  line  is  computed  using  h„  given  by  Eq.  (9).  The  convergence  is  fast  and 
uniform,  and  continuity  of  h{x)  at  x  =  rf,/2  is  perfectly  preserved. 

If  the  three  types  of  products  fix)  g(x)  with  which  Theorems  1,  3,  and  2  are  concerned  are 
referred  to  as  products  of  type  1,  2,  and  3,  respectively,  then  the  mathematical  results  of  this 
section  can  be  summarized  as  follows; 


X 


Fig.  3  Schematic  representations  of  functions  fix) 
and  g(x)  in  Eq.  (11)  and  their  product  h(x),  in 
order  of  decreasing  line  thickness. 


Fig.  4  Plots  of  S^h,x)  in  the  neighborhood  of  the 
discontinuity  at  x  =  djl.  Here,  N  =  200,  d  —  i, 
di  =  0.5, /4  =  6,  S  =  3,  C  =  1,  and  £>  =  2. 
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(1)  A  product  of  type  1  (two  piecewise  smooth  functions,  of  which  at  least  one  is  continuous) 
can  be  Fourier  factorized  by  Rule  1  (the  Cauchy  rule). 

(2)  A  product  of  type  2  (two  piecewise  smooth  fiinctions  with  a  pair  of  complementary  jumps) 
can  be  Fourier  factorized  by  Rule  2,  but  not  by  Rule  1 . 

(3)  A  product  of  type  3  (two  piecewise  smooth  functions  with  a  pair  of  concurrent  but  non¬ 
complementary  jumps)  cannot  be  Fourier  factorized. 

3.  Application  to  the  Grating  Problem 

The  x-dependent  equation  corresponding  to  Eqs.  (1)  through  (3)  is 
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1  dH) 

+ 
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dx 

^  e  dx  J 

■0  V  z 

Now,  a  reader,  well-equipped  with  the  mathematical  theory  of  Section  2,  can  immediately  see  why 
Eqs.  (1)  and  (3)  are  incorrect  and  why  Eqs.  (2)  is  correct.  Based  on  the  physics,  we  know  that 
il/e)(dHJdx)  and  the  entire  right  hand  side  of  Eq.  (12)  are  continuous.  Since  e  is  discontinuous  at 
X  =  ±  dJ2,  the  two  products  must  both  be  of  type  2.  Equations  (1)  and  (3)  are  incorrect  because 
they  derive  from  the  application  of  the  factorization  Rule  1  to  at  least  one  of  the  type  2  products. 
In  contrast,  Eq.  (2)  is  correct  because  it  derives  from  the  application  of  the  factorization  Rule  2  to 
both  of  the  type  2  products.  Note  that  there  is  no  ambiguity  in  the  way  that  Eq.  (12)  can  be  Fourier 
analyzed.  For  example,  suppose  that  the  right  hand  side  of  Eq.  (12)  is  multiplied  out  to  yield  two 
or  more  terms,  then  there  will  be  terms  that  are  products  of  type  3,  which  cannot  be  Fourier 
factorized. 

Based  on  the  above  and  many  other  examples,  the  procedure  for  Fourier  analyzing  Maxwell’s 
equations  that  contain  a  discontinuous  permittivity  function  can  be  summarized  as  follows: 

(1)  From  the  basic  Maxwell’s  equations,  derive  the  coupled  first  order  equations  or  the  second 
order  equation  in  terms  of  the  vector  field  component(s)  of  interest. 

(2)  Arrange  the  resulting  equation(s)  in  such  a  way  that  the  combinations  of  the  permittivity 
function  and  the  field  components  form  products  of  type  1  and  type  2  only;  avoid  type  3 
products. 

(3)  Substitute  the  Fourier  coefficients  for  the  field  components  that  are  not  multiplied  or  divided 
by  the  permittivity  function,  and  apply  the  factorization  rules  1  and  2  to  the  products  of  type 
1  and  2,  respectively. 

4.  Conclusion 

The  significance  of  this  paper  is  by  no  means  limited  to  the  MMFE.  In  a  broad  sense,  any  numerical 
work  that  requires  the  Fourier  analysis  of  a  product  of  two  periodic  functions  with  complementary 
jumps  could  benefit.  In  particular,  this  research  may  have  an  important  implication  to  the  classical 
differential  method  for  gratings.  The  lesson  learned  from  this  research  is  that,  in  converting 
Maxwell’s  equations  in  spatial  variables  to  equations  in  the  discrete  Fourier  space,  one  cannot  blindly 
substitute  the  Fourier  series  of  every  term  and  every  factor  into  the  spatial  equations;  appropriate 
factorization  rules  must  be  applied  when  discontinuities  are  present  in  the  factors  of  the  products. 
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ABSTRACT 

Refractive  microlens  arrays  can  be  made  through  reactive  ion  etching  of  melted  photoresist  microlenses. 
We  report  fabrication  of  fused  silica  microlens  arrays  with  reduced  aberration  by  controlling  the  relative 
etch  rates  of  silica  and  photoresist.  An  example  is  presented  and  implications  are  discussed. 


1.  Etched  Microlens  Arrays 

Fabrication  of  photoresist  microlenses  and  microlens  arrays  has  been  known  for  several  years.'’^®'^®® 
Researchers  have  also  reported  reactive  ion  etching  or  ion  milling  of  these  into  substrates  such  as  fused 
silica  and  silicon. 

Since  1989,  AT&T  has  been  making  refractive  microlens  arrays  at  the  Bell  Laboratories  Engineering 
Research  Center.  Most  of  these  arrays  are  made  of  fused  silica.  Lenses  made  range  in  size  from  10  to 
400  microns  diameter  with  F-numbers  from  about  F/1 .5  to  F/6. 


The  general  process  for  making  these  microlens  arrays  is  illustrated  in  Figure  1 .  Positive  photoresist  is 
patterned  in  the  desired  array  pattern,  resulting  in  an  array  of  photoresist  "pill  boxes."  The  wafer  is  then 
heated  until  the  resist  melts,  forming  a  nearly  spherical  shape.  These  photoresist  microlenses  can  be 
themselves  used  as  lenses,  but  if  a  more  rugged  material  is  desired,  the  pattern  can  be  transferred  into 
fused  silica  (or  another  material)  using  reactive  ion  etching  (RIE). 


Binary  mask  with  opaque  circles 


1 .  Photoresist  cylinders 


2.  Photoresist  melting 


3.  Reactive  ion  etching 


Figure  1.  Fabrication  of  fused  silica  microlenses  through  reactive  ion  etching. 


We  have  found  that  the  process  of  reactive  ion  etching  introduces  aberration  into  microlenses.  For  some 
applications,  such  as  tree-space  optical  interconnect,  the  level  of  this  aberration  (often  greater  than  1 
wave  OPD  at  633  nm)  is  unacceptable.  Therefore  we  report  a  method  for  correcting  this  aberration  by 
controlling  the  reactive  ion  etching  process. 
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2.  Aberration  Correction 

Our  method  of  aberration  reduction  is  to  adjust  the  etch  rates  of  photoresist  and  silica  during  the  etching 
process.  By  etching  the  resist  faster  than  the  SiOj,  one  obtains  a  "flatter"  (and  therefore  slower)  lens.  By 
etching  the  resist  more  slowly,  we  get  a  "taller"  (and  faster)  lens.  We  can  use  these  two  effects  to  shape 
our  microlenses  by,  for  example,  etching  the  resist  faster  than  the  Si02  at  the  beginning  of  the  etch  to 
"slow  down"  the  lens  edge  and  etching  the  resist  more  slowly  toward  the  end  of  the  etch  to  "speed  up" 
the  center  of  the  lens. 

An  example  is  shown  in  Figure  2.  Figure  2  (a)  shows  the  Mach-Zehnder  interferogram^®'^'’'®  from  a 
230  pm  diameter  microlens  etched  into  fused  silica  with  a  nominal  1:1  etch  ratio,  meaning  that  the  lens 
height  after  etching  is  nearly  the  same  as  the  lens  height  in  photoresist  (before  etching).  This  is 
accomplished  by  etching  for  740  minutes  with  3.6%  oxygen  and  96.4%  CHF3  based  on  volume.  The 
interferometer  fringe  pattern  indicates  that  this  microlens  has  about  one  and  one-half  waves  of  optical 
path  difference  (OPD)  wavefront  aberration,  peak-to-valley.  The  fringe  shape  is  characteristic  of 
spherical  aberration. 

For  demanding  applications  such  as  free-space  optical  interconnect,  this  degree  of  aberration  is 
unacceptable.  To  reduce  the  aberration,  we  need  to  etch  the  photoresist  more  quickly  at  the  beginning 
of  the  etch  than  at  the  end.  We  elected  to  etch  in  three  steps,  starting  with  high  oxygen  and  ending  with 
lower  oxygen.  In  Figure  2  (b),  we  show  the  result  of  etching  5.3%  oxygen  for  280  minutes,  4.4%  for  320 
minutes,  and  3.6%  for  400  minutes.  The  lens  is  almost  as  badly  aberrated  as  in  the  previous  case,  but  in 
the  opposite  direction.  This  is  akin  to  overcorrected  spherical  aberration  compared  to  undercorrected  (in 
the  Fig.  2a  case).  However,  the  aberration  looks  less  like  pure  spherical  aberration  because  there  are 
sharp  discontinuities  in  the  fringe  pattern.  These  are  present  because  of  the  sudden  changes  in  etching 
gas  composition. 

Figure  2  (c)  shows  the  interferogram  resulting  from  a  microlens  etched  at  4.7%  oxygen  for  280  minutes, 
4.1%  for  320  minutes,  and  3.6%  for  400  minutes.  This  lens  appears  to  have  less  than  one-quarter  wave 
of  aberration.  The  radius  of  curvature  for  this  lens  is  about  250  pm,  for  a  focal  length  of  547  pm  (F/2.4) 
at  a  wavelength  of  633  nm. 


(a)  (b)  (c) 


Figure  2,  Mach-Zehnder  interferograms  from  (a)  uncorrected,  (b)  overcorrected,  and  (c)  well- 
corrected  RIE-etched  microlenses. 


3.  Conclusions 

The  example  above  illustrates  the  way  we  have  made  aberration-corrected  microlens  arrays. 
Microlenses  made  in  this  way  will  be  aspheric;  thus  one  can  etch  the  lens  shape  to  suit  the  application 
requirements.  As  the  example  shows,  using  only  3  different  gas  ratios  we  can  achieve  quarter-wave 
OPD  results.  In  practice,  one  would  make  a  better  lens  by  making  continuous  RIE  gas  composition 
changes.  One  can  also  alter  etch  rates  to  achieve  effects  other  than  aberration  correction,  such  as  to 
adjust  the  focal  length  of  the  resulting  microlenses. 

The  advantage  of  this  method  is  its  great  flexibility  in  creating  the  desired  microlens  shape. 
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1.  INTRODUCTION 

Crossed  ID  patterning  allows  to  generate  regular  2D  optical  microstructures  like  refractive 
microlens  arrays  with  high  fill  factors  which  are  of  interest  for  photonics  and  laser  applications 
(image  sensing  /  processing,  coupling,  beam  shaping,  mode  selection  [1]).  In  general,  a  surface 
can  be  treated  sequentially  or  simultaneously  by  (a)  subtractive,  (b)  additive  or  (c)  modifying 
processes  thus  forming  a  deepened  or  elevated  relief  or  a  periodically  changed  refractive  index. 
Type  (a)  has  been  published  for  excimer  laser  ablation  by  means  of  crossed  linear  scans  with 
laser  spots  or  contour  masks  [2]  and  by  direct  writing  laser  lithography  with  two  subsequent 
(crossed)  exposures  by  linear  intensity  arrays  followed  by  a  tranfer  into  the  substrate  by  ion 
etching  [3].  Problems  emerge  from  the  unwanted  deposition  of  debris,  nonlinearities  and  the 
necessary  control  of  the  laser  beam  quality  during  a  sufficiently  long  time.  A  well-known 
approach  is  the  holographic  method  of  Cowan  [4,5]  with  three  beam  interference  in  a 
recording  photoresist  medium.  By  this  method,  high-definition,  replicable  hexagonal  hole 
arrays  with  extremely  small  element  diameters  have  been  found.  On  the  other  hand,  the  set-up 
is  not  flexible  enough  for  a  fast  change  of  the  geometry  and  requires  a  proper  adjustment,  a 
homogeneous  beam  and  the  knowledge  of  the  nonlinearities.  Direct  changes  of  the  refractive 
index  (e.g.  in  photorefractive  media)  can  be  used  for  a  process  of  type  (b).  We  report  on  an 
alternative,  relatively  simple  technology  of  type  (c)  for  the  fabrication  of  close-packed  arrays 
(orthogonal,  hexagonal)  based  on  the  crossed  vapour  deposition  which  is  preferentially  suitable 
for  moderate  microlens  parameters  (pitches,  focal  lengths). 

2.  FABRICATION  METHOD 

Thin-film  components  of  periodically  modulated  phase  and/or  reflectance  profiles  (microlens/ 
micro-mirror  arrays)  can  be  produced  by  3D  or  multiple  mask  shading  in  a  vacuum  deposition 
apparatus  with  electron  beam  vaporizer  (schematically  in  fig.l)  [1,6].  A  computer  code  has 
been  developed  to  simulate  the  geometrical  conditions  which  are  defined  by  the  substrate 
position  on  a  rotating  substrate  mount,  the  distance  between  the  plane  of  substrate  movement 
and  source,  the  angular  characteristics  of  the  vaporizer,  mask  distance,  shape  and  profile  of  the 
mask.  In  the  simplest  case,  slit  masks  with  parallel,  perpendicular  walls  have  been  used.  By 
exploiting  the  additional  degree  of  freedom  of  the  depth  of  the  mask,  the  thickness  profile  can 
be  optimized  to  fit  a  parabolic  function,  as  we  could  show  theoretically  and  experimentally.  By 
shading  with  properly  formed  slit  masks,  linear  arrays  of  cylindrical  (nearly  parabolic) 
microlenses  can  be  deposited.  A  sequential,  crossed  deposition  of  2  or  3  linear  arrays  delivers 
(analogous  to  the  type-a-  and  (ype-fe-technologies)  orthogonal  or  hexagonal  2D  arrays  by  a 
simple  way.  A  scheme  of  the  system  geometry  for  crossed  deposition  is  shown  in  fig.2. 
Contour  plots  of  the  expected  thickness  distributions  for  a  3-  and  2-step  deposition  with 
optimized  masks  are  drawn  in  fig3  and  fig.4.  In  the  experiments,  monolithic  and  compound 
laser  drilled  masks  with  conical  or  stairway  profiles  have  been  rotated  in  angular  steps  of  60° 
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or  90°.  A  substrate  holder  with  a  stepwise  rotatable  mask  has  been  constructed  for  this 
purpose.  The  overgrowths  of  the  masks  should  determine  the  lower  limit  for  the  slit  width.  For 
sufficiently  thin  layers  (thickness  «  mask  dimensions),  however,  this  effect  is  negli^ble. 
Limitations  by  the  mechanical  properties  of  the  layers  arise  from  the  (by  a  factor  2  or  3)  higher 
maximum  thicknesses,  compared  with  a  1-step  un-crossed  deposition  through  hole  masks. 

3.  RESULTS 

First  experiments  to  produce  periodical  (orthogonal  and  hexagonal,  refractive  and/or 
reflective)  Si02  and/or  Hf02  structures  of  high  fill  factors  by  crossed  deposition  have  been 
realized  successfully.  A  micrograph  of  a  part  of  a  linear  array  with  50  x  50  cylindrical 
microlenses  (Hf02  layer  on  BK7  substrate,  500  /^m  pitch,  f  =  11  mm)  measured  with  an  UBM 
laser  diode  profilometer  is  shown  in  fig.5.  The  result  of  a  2-step  crossed  deposition  (0°+90°, 
Si02  on  quartz)  is  demonstrated  in  fig.6  and  the  intensity  pattern  of  a  laser  beam  in  the  focal 
plane  of  a  lenslet  array  with  a  very  long  focal  length  and  a  small  numerical  aperture  (f  =  80 
mm,  NA  =  5*10-3)  in  fig.7.  The  minimum  generated  pitch  (element  diameter)  was  about  100 
Despite  of  the  high  geometrical  fill  factor  (nearly  100  %),  we  found  that  an  effective  fill 
factor  has  to  be  defined  by  the  optical  properties.  A  further  enhancement  of  the  array  quality  by 
improved  masks  is  under  investigation.  UV-laser  resistant  arrays  and  the  deposition  of  thin-film 
microoptics  on  polymer  substrates  have  been  tested  [7]. 

4.  CONCLUSIONS 

Crossed  deposition  of  linear  thin-film  arrays  in  a  rotating  vacuum  deposition  system  with 
shading  slit  mask  arrays  has  been  shown  to  be  a  relatively  simple  method  to  manufacture  2D 
microoptical  arrays  (microlenses,  micromirrors)  of  different  structure  with  high  fill  factors. 
Limitations  are  given  by  the  accuracy  of  mask  geometry  and  positioning,  mask  overgrowth  and 
maximum  layer  thickness.  The  thickness  profile  functions  of  the  lenslets  can  be  controlled  by 
using  multiple  or  extended  (3D)  masks.  A  computer  simulation  of  the  vapour  deposition 
geometry  allows  to  optimize  the  mask  parameters.  The  method  of  crossed  deposition  works  in 
the  diameter  range  100.. .500  yum  for  slits  with  a  length-to-width  ratio  of  50:1. 

5.  REFERENCES 

[1]  R.  Grunwald,  U.  Griebner,  R.  Ehlert,  S.  Woggon:  Micro-optical  array  components  for 
novel-type  lasers  and  artificial  compound  eyes.  -  National  Workshop  on  Microlens 
Arrays,  National  Physical  Laboratory,  Teddington,  May  11-12,  A4,  pp.  85-88  (1995). 

[2]  K.  Zimmer,  F.  Bigl:  3D-Strukturierung  von  Polymeren  durch  Excimerlaserablation.  - 
11.  International  Symposium  "Quality  and  Information  Management",  Mittweida, 
Hochschule  fiir  Technik  und  Wirtschaft  Mittweida,  November  24-26, 1994. 

[3]  G.  Przyrembel:  Continous-relief  microoptical  elements  fabricated  by  laser  beam 
writing.  -  Micro  System  Technologies  '94,  Berlin,  October  19-21, 1994,  pp.  219-228. 

[4]  J.  J.  Cowan:  The  holographic  honeycomb  microlens.  -  Proc.  SPIE  Vol.  523,  pp.  251- 
259  (1985). 

[5]  N.  J.  Phillips,  Ch.  A.  Barnett:  Micro-optic  studies  using  photopolymers.  -  Proc.  SPIE 
Vol.  1544,  pp.  10-21  (1991). 

[6]  R.  Grunwald,  U.  Griebner,  D.  Schafer:  Graded  reflectivity  micro-mirror  arrays.  - 
Proc.  SPIE  Vol.  1983,  pp.  49-50  (1993). 

[7]  R.  Grunwald,  R.  Ehlert,  S.  Woggon,  H.-H.  Witzmann:  Thin-film  microlens  arrays  on 
flexible  polymer  substiates.  -  submitted  to  Micro  System  Technologies  1996. 


DMB2-3  /  29 


Rotating 


Fig.  1 :  Deposition  of  thickness  Fig.  2:  Crossed  deposition  of  linear 

modulated  layers  through  thick  arrays  of  cylindrical  microlenses 

shading  masks  (schematically)  (schematically) 


Fig.  3:  Calculated  thickness  distribution  Fig.  4:  Calculated  thickness  distribution 
for  a  hexagonal  array  structure  for  a  orthogonal  array  structure 

generated  by  a  3-step  deposition  generated  by  a  2-step  deposition 

with  optimized  slit  masks  with  optimized  slit  masks 

(0°+60°+120°)  (0°+90°) 


30  /  DMB2-4 


Fig.  5:  Thickness  profile  of  a  part  of  a 
ID  thin-film  array  of  cylindrical 
microlenses 

(measured  with  UBM  laser  diode 
profilometer) 


Fig.  6:  Thickness  profile  of  a  part  of  a 
2D  thin-film  mierolens  array 
fabricated  by  crossed  deposition 
(measured  with  UBM  laser  diode 
profilometer) 


Fig.  7:  Intensity  distribution  in  the  focal  plane  of  a  microlens  array  (crossed  cylindrical 

microlenses,  50  x  50  elements,  500  mm  pitch,  Si02  on  quartz  substrate)  monitored 
by  a  CCD  camera 
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Recently,  a  single  step  technique  for  the  fabrication  of  microlenses  was 
reported,  in  which  a  laser  induced  thermal  runaway  process  caused  a  local 
melting  transition  near  the  surface  of  a  semiconductor  doped  glass.  [1]  These 
microlenses  were  produced  on  time  scales  of  a  fraction  of  a  second  and  in  a  single 
step,  a  dramatic  improvement  over  conventional  fabrication  techniques,  where 
multiple  processing  steps  and  long  processing  times  are  required.  Using  this 
method,  we  have  produced  micro  -elliptical  lenses  and  demonstrated  their 
capability  to  correct  the  output  of  a  diode  laser.  In  addition,  microlens  arrays 
have  been  produced  using  diffractive  spot  generators  to  irradiate  the  glass. 
Because  of  heat  transfer  effects,  this  approach  had  to  be  modified  to  produced 
equivalent  microlenses  throughout  the  array.  The  appropriate  spot  grating  phase 
mask  design  to  generate  uniform  arrays  has  been  addressed  and  is  also  discussed 
in  the  work  that  follows. 


Elliptical  Microlens  Formation 

The  experimental  setup  used  to  fabricate  the  lenses  is  shown  in  figure  1. 
The  material  used  was  Schott  RG  610  filter  glass,  a  borosilicate  glass  doped  with 
CdSxSei_x  nanocrystals,  used  as  long  pass  wavelength  filters  with  a  cutoff  at  610 

nm.  The  laser  used  in  the  experiments  was  an  Ar++  ion  laser  operating  in  single 
line  mode  at  514.5  nm.  By  focusing  the  argon  ion  laser  beam  with  a  cylindrical 
lens,  an  elliptical  spot  is  formed  on  the  glass.  When  the  laser  intensity  is 
sufficiently  high,  absorption  of  the  light  causes  a  melting  transition  and  welling 
up  of  glass  in  an  elliptical  region,  creating  the  desired  lens  shape.  By  modifying 
such  parameters  as  laser  power  and  beam  waist  size  a  large  range  of  different 
focal  lengths  and  lens  sizes  can  be  achieved,  as  shown  in  figure  2.  The  elliptical 
lens  is  crudely  characterized  by  two  focal  lengths;  the  shorter  one  we  label  f_i_ 
and  the  longer  one  f||.  These  focal  lengths  were  readily  calculated  by  assuming 
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the  lens  cross  section  along  the  major  and  minor  axes  to  be  spherical,  and  found 
to  agree  with  the  measured  values  to  within  3%. 

Diode  lasers  are  small,  inexpensive  sources  of  laser  emission.  However,  the 
output  beam  is  elliptical,  astigmatic,  and  rapidly  diverging.  Standard  methods  for 
correcting  the  beam  involve  as  many  as  eight  separate  optical  elements. [2] 
However,  when  one  is  interested  in  a  simply  producing  a  round  beam,  the 
fabrication  method  described  can  be  used  to  create  an  elliptical  microlens  directly 
on  the  laser  diode  package,  by  replacing  the  standard  output  window  with  a 
semiconductor  doped  glass. 

Using  the  beam  divergence  angles  and  diode  chip  dimensions,  we  calculated 
the  position  and  focal  lengths  required  to  create  a  collimated  circular  output 
beam,  using  a  single  elliptical  microlens: 

^  2(tan(0j^)-tan(0||)) 


^'^2tanf0„') 


a) 


where  fi  and  f||  are  the  half  width  half  maximum  divergence  angles  in  the  two 
directions,  d  is  the  width  of  the  active  (light-emitting)  layer,  and  L  is  the  distance 
between  the  diode  and  the  elliptical  lens  required  to  produce  a  circular  output 
beam.  Once  the  focal  lengths  have  been  determined,  the  lens  can  be  made  through 
correct  choices  of  power  and  beam  size. 

We  are  currently  in  the  process  of  having  several  laser  diodes  packaged 
with  RG  610  glass  as  the  output  window.  This  will  allow  us  to  manufacture  a 
lens  directly  onto  the  diode  package,  correcting  the  beam  without  the  need  for 
external  optics.  As  a  feasibility  study,  we  modeled  the  larger  (perpendicular) 
divergence  of  the  diode  using  single  slit  diffraction  of  a  HeNe  laser  beam.  We 
chose  a  slit  width  to  give  the  same  far  field  divergence  as  the  diode  laser,  and 
then  used  the  elliptical  microlens  to  collimate  the  beam.  The  result  was  an  almost 
circular  output  beam  as  seen  in  figure  3.  The  power  throughput  of  this  lens  was 
measured  to  be  70%.  A  large  amount  of  the  power  lost  was  due  to  the 
discrepancy  between  the  diffracted  beam's  parallel  divergence  and  f||. 
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Microlens  Arrays 

The  fabrication  technique  described  provides  an  extremely  rapid  and  low 
cost  method  for  fabricating  single  lenses.  Through  the  use  of  a  binary  phase 
mask,  one  can  turn  a  single  laser  beam  into  an  array  of  equal  intensity  spots, 
which  can  be  focused  onto  the  glass  sample  to  form  a  microlens  array. 

We  were  able  to  create  lens  arrays  ranging  from  an  array  size  of  3x3  to 
8x8;  however,  with  disparate  lens  sizes  radially  distributed  with  the  central  ones 
being  the  largest.  Figure  4  shows  a  4x4  array  of  lenses  produced  using  this 
technique.  This  simple  radial  pattern  implies  a  temperature  gradient  created  by 
the  array  of  heat  sources,  causing  the  center  of  the  array  to  accumulate  more  heat 
than  at  the  sides.  This  effectively  lowers  the  threshold  intensity,  leading  to  larger 
lenses.  Using  the  temperature  distribution  function  for  a  point  source  on  a 
surface,  we  showed  that  this  temperature  gradient  was  predicted  by  the  diffusion 
equation.  [3] 

Our  models  indicate  that  by  adjusting  the  relative  intensities  and/or  the  spot 
sizes,  we  can  correct  this  effect  and  form  an  array  of  equal  sized  lenses.  This  may 
be  done  by  attenuating  the  power  of  certain  spots  before  focusing  onto  the  glass, 
using  SLM  technology,  or  by  having  a  specially  designed  phase  mask  to  give  us 
the  proper  intensity  distribution. 
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Figiye  1;  Experimental  Setup.  Additional  lenses  were  to  focus  the  beam  through  the  shutter  and  re¬ 
collimate  at  a  different  size  for  some  lens  sizes. 
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The  advancement  of  semiconductor  laser  materials  growth  and  device  fabrication  technology  has 
brought  the  cost  of  the  laser  chip  well  below  the  cost  of  the  associated  optics,  precision  alignment,  and 
packaging  required  to  effectively  utilize  the  device  in  systems  applications.!  We  report  here  a  novel 
compact  packaging  approach  that  utilizes  unique  microlenses  for  simplified  lens  support  and  alignment. 
In  this  scheme,  a  microlens  fabricated  on  a  planar  substrate  is  directly  attached  to  the  laser/heatsink  to 
form  a  precision  optical  assembly  providing  a  collimated  (or  focused)  output  beam.  The  approach  is 
applicable  to  either  single  lasers  or  laser  arrays. 

To  collimate  or  focus  the  output  of  semiconductor  diode  lasers,  the  microlens  must  be  precisely 
aligned  with  regard  to  xyz  translation  and  to  tip  and  tilt  angle.  In  our  approach,  shown  in  Fig.  1,  a  mass- 
transport  lenslet  fabricated  on  a  planar  substrate  is  mounted  on  the  device  to  automatically  reduce  the 
number  of  alignment  operations.  For  a  collimated  laser  output,  the  lenslet  is  designed  to  have  a  focal 
length /equal  to  the  substrate  thickness.  The  lens  is  placed  in  direct  contact  with  the  laser  chip  and  its 
heatsink,  thereby  eliminating  the  need  for  a  separate  lens  mounting  fixture.  The  laser  can  be  mounted 
either  flush  with  the  edge  or  allowed  to  extend  several  micrometers  beyond  the  heatsink,  as  shown. 

Mass-transported  GaP  microlenses2-6  are  very  attractive  for  this  application  because  they  can  be 
made  with  high  numerical  aperture  (NA)  for  good  light-collection  efficiency  and  because  the  high 
refractive  index  of  GaP  allows  much  looser  tolerances  for  errors  in  the  microlens  fabrication  or  in  the 
optical  alignment.  The  microlens  fabrication  technique  is  illustrated  in  Fig.  2.  A  multiple-mesa  preform  is 
first  etched  in  a  GaP  substrate  by  using  precision  photolithography  followed  by  ion-beam-assisted  CI2 
etching.  The  lens  profile  is  accurately  encoded  in  the  mesa- width  variations  in  the  preform  [see  Fig.  2(a)]. 
The  wafer  is  then  heat-treated  at  1 100°C  for  20  h  in  a  protective  environment,  during  which  vapor 
transport  occurs  for  the  minimization  of  the  surface  energy,  and  the  preform  smooths  to  become  the 
desired  microlens  [see  Fig.  2(b)].  One  main  advantage  of  this  technique  is  its  capability  for  accurate 
formation  of  almost  any  desired  lens  profile.  This  is  best  illustrated  in  our  recent  work  of  anamorphic 
microlenses  3 >5  which  feature  two  distinct  curvatures  for  the  astigmatic  output  of  high-power  lasers  with  a 
laterally  tapered  gain  region.^"  !0  With  one  single  anamorphic  microlens,  the  taper-laser’s  astigmatic 
output  was  corrected,  made  nearly  round,  and  efficiently  coupled  into  a  single-mode  fiber.3,5  This  is 
much  simpler  and  more  compact  compared  to  the  cumbersome  bulk  lens  system.  In  the  present  work, 
however,  more  basic  spherical  microlenses  were  used  for  the  initial  demonstration  of  the  packaging 
technology. 

The  present  spherical  microlenses  were  fabricated  in  two-dimensional  arrays  with  a  nominal 
diameter  of  140  /tm  on  a  pitch  of  300  jum.  The  lens  wafer  was  carefully  polished  to  a  thickness  of  423 
fim,  because  these  0.46-NA  lenses  have  a  depth  of  focus  of  approximately  ±  4  jum  in  GaP.  The  lens  array 
chip  was  2  mm  long  in  the  vertical  direction  to  minimize  tilt  misalignment.  The  lenses  were  coated  for 
low  reflection  with  a  quarter-wavelength  thickness  of  Si02. 

For  this  initial  demonstration  we  used  an  edge-emitting  980-nm  ridge- waveguide  laser  array  with  a 
pitch  of  150  /tm.  The  array  was  soldered  to  a  heatsink  using  conventional  die  attachment  techniques  with 
attention  to  ensure  that  the  solder  did  not  flow  beyond  the  laser  output  facet  and  interfere  with  subsequent 
lens  attachment.  In  this  case,  each  edge  of  the  laser  array  protruded  10  mm  above  the  heatsink  and  the  68- 
yum-thick  laser  chip  was  mounted  stripe  up.  The  lens  array  was  actively  aligned  to  the  laser  array  with 
micropositioners.  The  lateral  and  transverse  positions  and  the  rotation  of  the  lens  array  were  adjusted  such 
that  each  lens  was  centered  on  a  laser  emitter.  No  adjustment  of  the  lens  position  along  the  z-axis  in  the 
direction  of  laser  emission  or  of  the  tip  and  tilt  angle  of  the  lens  was  necessary  because  those  are  set  by 
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the  fabrication  of  the  lens  and  the  mounting  arrangement.  The  lens  was  then  attached  directly  to  the  laser 
heatsink  with  ultraviolet-curable  adhesive.  The  heatsink  is  Au-coated  silicon  with  a  lapped  and  polished 
flat  edge  used  for  the  lens  attachment  surface.  The  tilt  of  the  lens  relative  to  the  heatsink  can  be  estimated 
from  the  laser  protrusion  and  the  length  of  the  lens  array  chip  to  be  about  0.3°.  In  the  composite  infrared 
and  visible  photograph  of  the  assembly  in  Fig.  3,  two  of  the  lasers  are  covered  by  a  lens  and  are 
collimated,  while  the  other  two  are  not  aligned  to  a  lens.  Far-field  scans  taken  in  the  directions  parallel 
and  perpendicular  to  the  laser  junction  have  a  full  width  at  half-maximum  of  about  0.8°  and  0.6°  (see  Fig. 
4),  respectively,  much  narrower  than  the  far-fleld  pattern  of  the  laser  without  the  lens.  The  far-field 
pattern  is  narrower  perpendicular  to  the  junction  because  the  lens  is  more  completely  filled  by  the  wider 
divergence  of  the  laser  in  that  direction. 

Estimates  of  the  effects  of  misalignment  based  on  optical  path  length  differences  for  this  approach 
are  encouraging.  Lens  aberrations  and  misalignments  can  produce  optical  path  length  differences  that 
result  in  phase  front  distortions  that  are  large  enough  to  reduce  coupling  efficiencies  to  single-mode  fiber. 
While  biconvex  lenses  can  be  corrected  for  spherical  aberration  with  the  lens  centered  on  the  laser, 
significant  phase  front  distortions  can  still  result  if  the  lens  is  laterally  misaligned  even  slightly,  e.g.,  1  /rm 
off  axis.  By  using  this  approach  with  planoconvex  lenses,  the  high  refractive  index  of  the  GaP  allows  light 
rays  to  remain  paraxial  even  at  large  numerical  apertures,  and  the  phase  front  distortion  can  remain  small. 
For  the  lens  used  in  this  experiment,  the  maximum  distortion  in  the  outer  regions  of  the  lens  is  estimated 
to  be  no  more  than  A/10  over  lateral  misalignments  of  ±  10  jUm.  Negligible  phase  front  distortions  are 
important  for  applications  such  as  efficient  coupling  to  single-mode  fiber. 

This  microlens  packaging  approach,  which  is  very  compact  and  does  not  require  rigid  external  lens 
mounts,  can  reduce  the  number  of  independent  axes  required  to  align  laser  arrays  and  lens  arrays  in  future 
free-space  and  fiber-coupled  optical  systems.  The  scheme  is  particularly  attractive  when  large  wafers  of 
precise  lenses  can  be  manufactured  at  low  cost.  Applications  include  optical  interconnects,  optical 
computing,  and  lens-coupled  fiber-optical  systems.  Work  is  currently  under  way  to  use  the  approach  to 
align  anamorphic  lenses  to  tapered  lasers^-lO  to  show  the  feasibility  of  a  compact  optical  assembly  with 
high  coupling  efficiency  to  single-mode  fiber. 

This  work  was  sponsored  by  the  Department  of  the  Air  Force. 
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Figure  1.  Diagram  showing  a  side  view  of  diode  laser  and  lens  assembly  with  direct  contact  between  laser  and  lens.  In 
this  approach  a  microlens  fabricated  on  a  planar  substmte  is  attached  to  the  laser  heatsink. 


150  iim 


Figure  2.  Fabrication  of  laige-numerical-aperture  spherical  microlens  in  GaP  substrate  by  mass  transport.  These  SEM 
perspective  views  show  the  multiple-mesa  preform  (upper)  defined  by  precision  photolithography  and  ion-beam-assisted 
CI2  etching,  and  the  lens  foimed  (lower)  after  heat  treatment  at  1  lOO^C  for  20  h  in  a  protective  environment. 
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Figure  3.  Photographs  of  head-on  view  of  assembly  in  which  the  GaP  lens  array  contacts  the  laser  array.  Although 
covered  by  the  lens,  the  laser  array  is  visible  because  the  GaP  is  transparent.  The  lasers  have  twice  the  pitch  of  the  lenses 
so  that  only  two  of  the  four  lasers  that  are  turned  on  are  collimated  by  the  lenslets. 


DEGREES 


Figure  4.  Far-field  measurement  of  optical  assembly  perpendicular'  to  the  laser  junction. 
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Diffractive  phase  elements,  which  only  modulate  the  phase  of  an  incident  wavefront,  provide 
high  diffraction  efficiencies.  Such  elements  can  be  fabricated  in  the  form  of  surface-relief 
profiles  by  a  variety  of  methods  including  selective  etching  or  material  deposition,  and  diamond 
turning.  Binary  surface-relief  elements  have  diffraction  efficiencies  of  the  order  of  30—75% 
depending  on  the  symmetries  of  the  signal,  while  efficiencies  even  in  excess  of  90%  are  only 
possible  if  one  employs  continuous  surface  profiles  fabricated,  e.g.,  by  direct-write  laser  beam 
or  electron-beam  lithography.  Then,  however,  accurate  exposure  control  is  needed.  Continuous 
surface  profiles  can  be  approximated  by  multilevel  profiles,  which  may  be  fabricated  by 
successive  lithography  steps,  where  careful  mask  alignment  is  then  required. 

Gradient-index  profiles  are  used  extensively  in  diffractive  optics.  For  example,  all  volume 
holograms  are  of  this  type.  On  the  other  hand,  ion  exchange  in  glass  is  widely  applied  method 
for  the  fabrication  of  graded-index  refractive  lenses  and  waveguide  components.  The  benefit  of 
gradient-index  structures  is  a  flat  surface,  which  allows  easy  anti-reflection  coating,  cleaning, 
and  the  stacking  of  several  elements  together. 

Recently  we  have  proposed  and  demonstrated  the  fabrication  of  continuous-phase  diffractive 
free-space  elements  by  thermal  ion  exchange  in  glass  [1].  This  is  achieved  by  patterning  a 
binary  metallic  mask  on  top  of  a  glass  substrate,  which  is  then  immersed  into  a  molten  salt  bath 
to  achieve  an  exchange  of  ions  between  the  glass  substrate  and  an  external  salt  source  through 
mask  apertures.  In  contrast  to  aiming  at  binary  phase  modulation  [2  —  5],  which  would  reflect 
the  mask  pattern,  we  deliberately  employ  the  inevitable  side  diffusion  to  obtain  a  smoothly 
varying  continuous  phase  profile.  This  ensures  a  high  diffraction  efficiency  with  only  one 
mask/ion-exchange  step. 

The  optimal  mask  pattern  and  ion-exchange  time  are  found  using  optimization  algorithms 
aiming  to  maximize  diffraction  efficiency  r/  and  to  minimize  array  uniformity  error  Ai?.  The 
efficiency  rj  is  the  ratio  of  power  diffracted  into  the  signal  to  the  total  transmitted  power.  The 
signal  can  be  a  continuous  one  or  a  discrete  spot  array  formed  by  a  grating.  The  uniformity 
error  Ai?  is  defined  as  the  maximum  deviation  of  a  signal  beam  from  the  average.  Every 
time  the  aperture  configuration  is  changed,  the  ion  exchange  process,  i.e.,  the  change  of  ion 
concentrations  in  the  substrate,  must  be  numerically  simulated.  Refractive  index  change  An 
is  assumed  to  be  linearly  dependent  on  C,  which  is  the  relative  concentration  of  the  incoming 
ions  normalized  to  the  interval  [0, 1].  With  this  formalism  (7  =  1  corresponds  to  the  situation 
in  which  all  exchangeable  ions  in  glass  have  been  replaced  by  the  incoming  ions. 
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The  theory  of  the  ion-exchange  process  is  well  established  for  the  fabrication  of  waveguide 
components  [6].  Perhaps  the  most  fundamental  difference  in  the  design  of  ion-exchanged 
free-space  elements  in  comparison  to  typical  waveguide  structures  is  that  in  the  former  deep 
ion  exchanged  structures  are  required.  Thus,  for  the  simulation  of  the  ion-exchange  process, 
the  errors  introduced  by  assuming  the  basic  diffusion  equation 


dt 


=  DV^C 


0) 


are  likely  to  become  significant,  and  a  more  accurate  model  is  needed,  which  takes  into  account 
the  different  self-diffusion  coefficients  and  electrical  equilibrium  of  the  two  ions  taking  part 
in  the  process:  incoming  ions  A  and  outgoing  ions  B.  So,  we  use  the  nonlinear  ion-exchange 

gg.v.  .  (2) 

dt  {M-1)C  +  1 

The  ratio  M  of  the  self-diffusion  coefficients  of  the  incoming  and  outgoing  ions  is  M  = 
Da/ Db,  which  is  assumed  to  be  an  invariant  constant.  The  boundary  conditions  are  C  =  1  at 
the  surface  under  the  mask  apertures  and  dC /dy  =  0  under  the  mask,  where  y  is  the  direction 
perpendicular  to  the  glass  surface.  Furthermore,  periodic  boundary  conditions  must  be  applied 
for  the  gratings.  In  all  our  experiments,  we  have  used  Coming  0211  glass  and  Ag'^'-Na'^ 
-exchange  with  M  =  0.7  and  An=0.049. 


To  solve  Eq.  (2)  by  finite  difference  algorithms,  we  divide  the  cross-section  of  a  glass  substrate 
within  one  grating  period  in  a  rectangular  grid  and  the  ion-exchange  time  in  discrete  time 
steps.  In  the  work  of  Ref  1,  we  exploited  explicit  Dufort-Frankel  finite  difference  schemes. 
For  the  simulation  of  relatively  long  ion  exchange  processes  (on  the  order  of  20  h),  we  have 
implemented  an  implicit  Crank-Nicholson  algorithm.  This  algorithm  is  unconditionally  stable 
allowing  the  use  of  long  time  steps.  A  decrease  in  computation  time  of  two  orders  of  magnitude 
compared  with  the  explicit  method  has  been  achieved  using  both  adaptive  grid  spacing  and 
adaptive  time  step. 


The  optical  response  of  the  ion-exchanged  element  is  determined  by  a  thin-element  approxi¬ 
mation,  which  is  valid  if  the  grating  period  is  much  larger  than  the  wavelength  of  light,  grating 
thickness  h  is  on  the  order  of  a  few  wavelengths,  and/or  the  refractive  index  modulation  is 
small  (An  <  0.1).  These  conditions  are  valid  for  all  stmctures  that  we  have  fabricated  by 
thermal  ion  exchange.  The  transmitted  field  is  then  related  to  the  incoming  field  through  the 
complex-amplitude  transmission  function 


t{x,  y)  =  A{x,  y)  exp[i(j){x,  y)], 


(3) 


where  A{x,  y)  is  an  amplitude  modulation  and  (p{x^  y)  is  a  phase  modulation.  For  a  lossless 
material  A{x,  y)  =  1,  refractive  index  n  is  real,  and  the  phase  function  is  given  by  the  optical 
path  through  the  element 

fh 

y)=  kn{x,  y,  z)6.z.  (4) 

Jo 


Here  k  =  2'k/X  and  A  is  the  wavelength  of  light  in  vacuum.  The  far-field  diffraction  pattern 
is  readily  obtained  by  Fourier-transforming  exp[i(l){x,y)].  The  validity  of  the  thin-element 
approximation  has  been  checked  using  beam-propagation  methods,  which  are  valid  for  thick 
elements  [7]. 
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Fig.  1 ;  Fabrication  of  a  one-to-five  beam  splitter  by  two  mask/ion-exchange  steps  in  glass.  Concentration 
curves  of  one  grating  period  after  (a)  the  first  and  (b)  the  second  mask/ion-exchange  step  are  plotted  from  0. 1 
to  0.9  times  the  maximum  concentration  with  spacings  of  0. 1 .  (c)  Far-field  efficiencies  T)m  of  the  diffraction 
orders  m  of  the  component. 


Small  mask  apertures  result  in  sharp  spatial  variations  in  the  phase  function,  which  cause 
diffraction  into  high  spectral  orders  and  consequently  reduce  rj.  Allowing  two  or  more  consec¬ 
utive  ion-exchange  steps  with  different  masks,  one  can  produce  far  smoother  phase  profiles.  A 
one-to-five  beam  splitter  fabricated  by  two-step  mask/ion-exchange  process  has  been  demon¬ 
strated  (Fig.  1 .).  The  grating  period  is  123  ^m,  the  process  times  are  455  min  and  154  min,  and 
the  widths  of  the  mask  apertures  are  19.7  /xm  and  98.4  /xm  in  the  first  and  in  the  second  step, 
respectively.  The  measured  diffraction  efficiency  is  r;  =  85.2%  and  the  array  uniformity  error 
is  AR  =  12%.  The  differences  with  the  theoretical  values,  r]  =  91.1%  and  AR  —  0.3%,  are 
expected  to  be  primarily  due  to  mask  alignment  errors  and  the  variation  of  temperature  of  the 
furnace  used  in  these  experiments.  According  to  our  numerical  analysis,  however,  mask  align¬ 
ment  in  the  multistep  ion-exchange  process  is  not  as  critical  as  in  the  fabrication  of  discrete 
multilevel  surface  profiles.  We  also  point  out  that  the  diffraction  efficiency  is  significantly 
higher  than  that  in  the  case  of  four-level  surface-relief  element  (77  =78.1%)  obtained  by  two 
photolithography  steps. 

In  addition  to  the  multiple-step  process,  post  baking  of  the  ion-exchanged  element  in  a  furnace 
without  an  ion  source  provides  a  smoothly  varying  phase  function  by  additional  diffusion  of 
ions.  Theoretical  results  for  a  one-to-nine  beam  splitter  fabricated  by  a  single  ion-exchange 
step  followed  by  post  baking  are  presented  in  Fig.  2,  where  the  phase  functions  resulting  from 
1027  min  ion  exchange  and  233  min  post  baking  are  shown.  The  element  is  a  symmetric 
grating  with  a  period  of  256  /xm.  There  are  eight  apertures  in  the  mask:  the  largest  aperture 
with  a  width  of  38  /xm  is  surrounded  by  small  apertures  with  widths  of  2.75  /xm,  1  /xm,  1 
/xm,  and  1  /xm  at  distances  31.9  /xm,  40.8  /xm,  67.8  /xm,  and  128  /xm  from  the  center  of  the 
largest  aperture,  respectively.  The  theoretical  diffraction  efficiency  is  ?/  =  98.3%  and  the  array 
uniformity  error  is  AR  =  0.9%. 
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Fig.  2:  (a)  Development  of  phase  function  within  one  grating  period  d  during  ion-exchange  for  a  one-to-nine 
beam  splitter,  (b)  Phase  function  in  post  bake  following  (a).  The  final  result  in  both  steps  is  shown  with  a 
bold  line.  The  curves  have  been  plotted  with  a  6000  s  time  interval  in  (a)  and  3000  s  interval  in  (b). 

Equation  (2)  seems  to  be  accurate  for  processes  up  to  several  hours.  However,  deviations  from 
the  theory  have  been  noticed  in  long  ion  exchanges  more  than  6  hours.  One  source  of  the 
inaccuracies  is  that  the  glass  surface  swells.  We  have  observed  this  both  by  a  profilometer 
scan  and  a  liquid-gate  test.  Another  source  is  the  retardation  of  the  diffusion  as  a  result  of  an 
electrochemical  potential  over  the  apertures  in  a  metallic  mask  [8].  By  following  the  procedure 
in  Ref  8  to  anodize  aluminum  masks,  we  have  confirmed  significant  differences  in  the  optical 
functions  of  gratings  fabricated  using  metallic  and  oxidized  masks. 

As  a  conclusion,  in  this  paper  we  have  further  developed  the  method  of  designing  and  fabricating 
high-efficiency  diffractive  elements  by  ion  exchange  in  glass.  The  method  gives  higher 
diffraction  efficiencies  than  those  obtainable  by  an  equal  number  of  material  removal  or 
deposition  steps.  The  numerical  simulation  of  the  process  has  been  sped  up  by  an  implicit 
finite  difference  method  allowing  the  use  of  sophisticated  optimization  algorithms.  The  use  of 
nonmetallic  mask  material  has  been  applied  in  the  case  of  long  processes  to  avoid  the  saturation 
of  the  diffusion. 
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Introduction 

The  most  important  aspect  of  producing  a  diffracting  optical  component  that  will  compare  well 
with  its  refracting  or  reflecting  counterpart  is  to  achieve  an  adequate  level  of  diffraction  efiflciency. 
Binary  diffracting  structures  in  amplitude  and  phase  forms  have  been  available  for  about  a  century 
but  since  their  efficiency  is  limited  to  10%  and  40%  respectively  they  have  not  found  significant 
application.  In  order  to  achieve  high  efficiency  it  is  necessary  to  exercise  some  control  over  the 
form  of  the  grooves  and  for  most  practical  cases  it  is  necessary  to  generate  a  saw-tooth  “blazed” 
profile.  A  blazed  profile  is  one  in  which  the  individual  facets  behave,  to  a  first  approximation,  like 
tiny  prisms  which  send  the  light  by  reflection  or  refraction  in  the  same  direction  that  the  spacing 
of  the  grooves  sends  it  by  diffraction. 

Much  of  the  current  development  in  diffracting  optics  is  based  on  producing  a  digitised 
approximation  to  the  ideal  profile  by  the  superposition  of  a  series  of  binary  steps  using  the 
technology  of  photolithography.  The  purpose  of  the  present  paper  is  to  review  other  attempts  to 
achieve  diffracting  components  with  the  ideal  groove  profile,  to  summarise  the  lessons  that  have 
been  learned  from  this  experience,  and  to  consider  the  extent  to  which  they  are  appropriate  to  the 
new  generation  of  technology. 

2.  Mechanical  methods. 

Until  recently  the  only  diffracting  component^  that  had  any  widespread  application  was  the 
diffraction  grating.  The  production  of  gratings  was  the  supreme  challenge  to  mechanical  and 
machine  control  eng^eering.  It  is  interesting  to  note  that  the  justification  for  the  effort  of  making 
a  grating  was  that  the  chromatic  dispersion  was  far  greater  than  that  of  a  prism.  In  many  modem 
applications  for  diffracting  optics,  dispersion  is  a  disadvantage.  It  is  also  interesting  to  note  that 
the  much  of  the  machine  control  technology  developed  for  ruling  engines  has  been  earned  over 
to  photomask  writers  on  which  the  current  diffracting  optics  boom  is  based. 

The  production  of  blazed  plane  gratings  was  first  achieved  by  Strong  in  1935  (1).  For  a  plane 
grating  of  constant  pitch  the  appropriate  facet  angle  may  be  achieved  by  the  correct  orientation 
of  the  diamond  mling  tool.  This  no  longer  holds  for  a  concave  grating  and  severely  limits  the 
numerical  aperture  over  which  a  concave  grating  will  work.  This  led  to  the  development  of 
“multi-partite”  gratings  in  which  different  sections  were  ruled  at  different  angles  (2)  or  to  complex 
toolholders  in  which  the  diamond  rotated  as  ruling  progressed. 

More  complex  stmetures  such  as  Fresnel-zone  plates  can  be  generated  mechanicaUy  by  single 
point  diamond  tuming.(3)  In  this  case  the  facet  angle  and  the  width  of  the  groove  both  vary  across 
the  aperture  so  a  far  higher  degree  of  control  is  required.  The  current  best  quality  machines  are 
capable  of  producing  good  quality  diffi^cting  components,  particularly  if  they  are  to  be  used  in 
the  infrared  where  mechanical  tolerances  are  comparatively  relaxed.  The  only  question  that  arises 
is  “why  bother?”.  If  one  has  the  capability  to  produce  a  surface  that  will  control  the  optical  phase 
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across  the  aperture,  why  introduce  a  phase  step  of  n  every  time  one  crosses  the  Fresnel  zone 
boundary  ?  The  sharp  edges  of  the  groove  are  likely  to  produce  scattering  and  one  needs  a  sharper 
tool  than  is  required  to  turn  a  lens.  The  savings  in  weight  and  material  are  negligible,  even  for 
germanium.  Why  not  simply  make  an  aspheric  lens  ?  In  most  practical  cases  the  answer  lies  in 
hybrid  designs  in  which  aberrations  (particularly  chromatic)  of  the  diffiacting  component  are 
balanced  against  those  of  refracting  components.  As  stand-alone  devices  they  have  little  to  offer 
optically,  but  the  thinner  structure  may  be  easier  to  replicate  or  may  absorb  less  energy. 

3.  Interference  techniques 

Standing  waves 

The  recording  of  interference  fringes  to  produce  diffracting  structures  has  been  used  for  over  a 
century.  In  1875  Cornu  photographed  Newton's  rings  to  generate  a  zone  plate  and  in  1901  Cotton 

(4)  recorded  standing  waves  and  proposed  the  holographic  reconstruction  of  arbitrary 
wavefronts.  Sheridan  in  1968  recorded  standing  waves  in  photoresist  to  generate  blazed 
holograms  and  Ehitley  refined  the  technique  for  the  production  of  spectroscopic  quality  grating*; 

(5) .  During  ©qwsure  the  photoresist  is  aligned  obliquely  to  the  fringe  pattern  so  there  are  within 
the  bulk  of  the  resist,  layers  which  are  alternately  soluble  and  insoluble.  After  development  the 
shape  of  the  profile  is  determined  by  the  shape  of  the  oblique  insoluble  layers  near  the  surface. 

The  shortcoming  of  this  approach  is  that  the  separation  of  the  standing  waves  is  equal  to  half  the 
wavelength  of  light  in  the  photoresist.  This  defines  the  separations  of  the  planes  of  the  facets  of 
the  grooves  (which  in  turn  is  half  the  Littrow  blaze  wavelength).  In  theory  the  blaze  wavelength 
should  be  equal  to  the  recording  wavelength  divided  by  the  refractive  index  of  the  resist.  In 
practice  it  less  than  that  so  that  with  an  argon  laser  at  458  nm  the  blaze  wavelength  is  about  220 
nm.  This  is  ideal  for  ultraviolet  and  visible  spectroscopy  but  is  too  shallow  by  a  factor  of  about 
ten  for  transmission  diffracting  optics. 

The  technique  can  readily  be  applied  to  zone  plates  by  placing  a  point  source  at  the  centre  of 
curvature  of  a  concave  mirror.  A  longer  blaze  wavelength  is  achieved  if  light  is  incident  through 
the  substrate  and  it  can  be  increased  still  further  by  selective  reactive  ion  etching  of  the  structure 
into  the  substrate  so  that  it  is  possible  to  achieve  high  efficiency  in  transmission. 

The  great  advantage  of  this  approach  is  that  it  is  possible  to  produce  in  a  few  minutes, 
components  which  combine  large  area  (>100  mm),  high  numerical  aperture  and  spectroscopic 
quality. 

Fourier  Synthesis 

The  fringes  in  a  two  beam  interferometer  possess  a  sinusoidal  variation  of  intensity.  It  is  possible 
to  build  up  any  desired  intensity  profile  by  superimposing  a  Fourier  series  of  sinusoidal  patterns 
of  appropriate  amplitude  and  phase.  This  approach  has  been  adopted  (6,7)  for  plane  gratings  and 
good  results  obtained  for  two  Fourier  components.  However,  the  best  results  were  obtained  for 
gratings  in  which  a  single  sinusoid  would  have  been  quite  efficient  and  the  technological 
difficulties  were  significant.  It  is  difficult  to  see  how  the  technique  could  practically  be  applied  to 
any  component  other  than  plane  gratings.  The  author  has  attempted  to  obtain  the  second  Fourier 
component  by  frequency  doubling  the  output  of  an  argon  laser  but  with  limited  success. 
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Multiple  beam  interferometry 

With  multiple  beam  interferometers  it  is  possible  to  obtain  an  intensity  profile  that  is  other  than 
ctmigniHal  For  example,  by  carefully  selecting  the  reflectance  and  phase  change  on  reflection  of 
the  mirrors  in  a  Fabry  Perot  interferometer  it  is  possible  to  produce  asymmetric  fiinges  which  are 
a  good  approximation  to  a  saw-tooth.(8)  These  may  then  be  recorded  directly  in  photoresist  or 
photographic  plates  which  are  bleached  and  swollen  to  yield  blazed  zone  plates. (9) 

An  alternative  approach  is  to  use  the  symmetrical  transmission  fiinges  of  a  Fabry-Perot 
interferometer  of  high  finesse.  The  fiinges  can  be  considered  as  delta  functions  and  have 
approximately  the  same  spatial  distribution  as  the  Fresnel  zone  boundaries.  If  the  fiinges  are 
recorded  in  photoresist  and  the  plates  are  scanned  in  such  a  way  that  the  fiinges  expand  by  one 
period,  it  is  possible  to  control  the  exposure  so  as  to  build  up  a  saw-tooth  profile  (10,1 1).  By  this 
means  good  saw  tooth  profiles  and  efficiencies  of  the  order  of  80%  were  obtained  for 
transmission  zone  plates  in  the  visible. 

General  Photosculpture  Techniques 

The  term  “photosculpture”  applies  when  the  shape  of  a  photosensitive  surface  is  determined  by 
the  intensity  distribution  to  which  it  is  exposed.  The  simplest  manifestation  of  this  is  to  scan  the 
area  vrith  a  focussed  laser  beam  and  vary  the  intensity  to  achieve  the  correct  exposure.  This  can 
be  achieved  either  on  an  optical  lathe  (12)  or  on  a  rectangular  raster  (13).  Both  are  capable  of 
producing  items  with  both  rectangular  and  circular  symmetry.  This  approach  gives  a  far  greater 
flexibility  of  design  than  is  available  from  interferometry,  but  the  price  that  one  pays  is  that  it  is 
slow  and  therefore  requires  extreme  mechanical  stability.  In  some  cases  the  wnting  time  is  so 
great  that  the  latent  image  recorded  at  the  beginning  of  the  process  begins  to  fade  before  it  can 
be  developed.  A  very  detailed  knowledge  of  the  properties  of  the  resist  is  therefore  required  in 
order  to  compensate  for  this. 

For  items  which  have  circular  symmetry  a  simpler  system  may  be  used  in  which  blazed  circular 
grooves  are  generated  by  rotating  the  photosensitive  material  under  an  image  of  a  triangular  light 
source  (14, 15).  After  exposing  one  groove,  the  projection  system  is  translated  radially,  the  width 
of  the  image  is  adjusted  and  the  next  zone  is  exposed.  This  has  the  advantage  that  the  optical 
projection  system  is  working  on  axis  ivith  a  relatively  small  field  but  has  the  disadvantage  that  as 
the  zones  become  narrower,  the  energy  fi'om  the  source  is  reduced  and  exposure  times  become 
longer.  The  production  of  items  of  large  aperture  and  high  numerical  aperture  is  therefore 
difficult. 

Finally,  it  is  possible  to  generate  a  desired  exposure  pattern  by  producing  a  variable  density 
mask.(12,16,17)  Strictly  this  is  not  an  “analogue”  technique  because  the  variable  density  is  usually 
produced  as  a  half-tone  dot  pattern.  However,  if  this  is  then  reduced  photographically  the  detail 
of  the  dots  is  lost. 

General  Summary  of  Results 

All  of  the  techniques  described  above  have  been  able  to  produce  blazed  dififacting  structures  with 
reasonable  efficiencies  .  For  very  coarse  structures  the  efficiency  can  be  very  high  (90%  or  so) 
but  for  the  finer  structures  needed  for  high  numerical  apertures  the  efficiency  is  lower.  The  reason 
is  that  the  efficiency  depends  upon  the  spatial  resolution  of  the  recording  system.  In  order  to 
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achieve  90%  of  the  maxiiraiin  theoretical  efiBciency  it  is  necessary  that  the  steep  facet  of  the  saw¬ 
tooth  should  occupy  no  more  than  5%  of  the  width  of  the  groove.  The  finest  groove  width  d  for 
which  one  might  expect  90%  efiBciency  is  twenty  times  the  spatial  resolution  6.  For  an  optical 
recording  system  6  =1 .22  XJ  If  d  is  the  width  of  the  outermost  zone  on  a  zone  plate, 

we  have  from  the  grating  equation  that  d  =  mA./  .  If  d  =  20fi  we  may  now  write: 

NA 


This  means  that  whatever  optical  system  is  used  to  generate  a  difif  acting  structure  the  maximum 
numerical  aperture  (for  90%  of  theoretical  efiBciency,  used  at  the  same  wavelength  in  first  order) 
is  one  twenty  fifth  of  the  numerical  aperture  of  the  system  used  to  record  the  structure.  Thus,  if 
the  recording  system  has  fi^l  optics,  the  best  that  can  be  achieved  is  fi25.  Given  that  NA^.^^, 
is  limited,  the  only  possibilities  to  improve  on  the  factor  of  25  are: 

Increase  m  and  work  at  higher  orders  of  difiB^ction.  This  approach  has  been  adopted  by 
Gale  and  colleagues  (13).  The  consequences  are  that  the  modulation  depth  is  greater.  The 
chromatic  behaviour  is  changed  in  that  the  free  spectral  range  is  reduced  and  the  efficiency 
performance  is  that  of  an  echelle.  In  the  limit,  when  the  order  number  is  equal  to  the  Fresnel 
number,  one  has  re-invented  the  lens! 

Increase  X.  This  is  not  usually  an  option  but  it  does  mean  that  one  can  use  visible  light  to 
generate  devices  for  use  in  the  infrared  at  around  10  pm  (18) 

Decrease  X„.  One  can  gain  some  improvement  (perhaps  a  factor  of  4)  by  using  UV  to 
record  optics  for  use  in  the  visible,  but  if  one  really  needs  to  combine  high  efficiency  in  first  order 
with  high  numerical  aperture  one  is  forced  to  use  higher  resolution  lithography  such  as  e-beam. 
If  one  also  requires  a  large  physical  aperture,  this  is  likely  to  be  very  expensive. 

Happily,  there  are  applications  for  components  of  low  NA  and  for  those  vrith  small  apertures.  So 
dififiacting  optics  does  have  a  role  but  there  remain  some  severe  technological  challenges. 
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We  demonstrate  a  new  direct  method  of  recording  of  interference 
patterns  which  are  stable  under  high  light  intensities.  The  patterns  are 
written  on  thin  glass  films  containing  quantum  dots  or  on  metal  island  films 
by  the  interference  of  two  pulsed  laser  beams.  A  pulsed  dye  laser  at  584 
nm,  with  a  7  nsec  pulse,  and  pulse  intensities  of  2-5  MW/cm^  produced 
gratings  with  a  period  I  depending  on  the  angle,  a,  between  the  two  beams 
according  to  /  =  X/2sin(a/2). 

The  quantum  dot  films  were  obtained  by  the  simultaneous  vacuum 
condensation,  onto  a  glass  substrate,  of  SiO  and  Cu  from  two  separate 
sources.  The  Cu  concentration  was  varied  from  1  to  10  at%,  and  the 
overall  film  thickness  varied  from  20  to  300  nm  (the  thinnest  films  were 
prepared  for  TEM  examination  of  the  Cu  distribution).  The  average  size 
of  the  Cu  particles  in  the  films,  after  condensation,  was  about  10  nm. 

Electron  microscope  micrographs  reveal  that  the  gratings  form  as  a 
result  of  two  processes:  SEM  shows  a  local  buildup  of  the  film  on  the 
substrate  along  lines  of  high  light  intensity  (Fig.  1).  A  similar  but  random 
buildup,  seen  as  separate  round  hillocks,  is  also  observed  after  heat 
treatment  of  the  films  at  ~500oC  temperature. 


Figure  1.  SEM 
micrograph  of  6.2  |im 
grating  in  a  SiO  glass 
film  containing 
quantum  dots  of  Cu. 
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The  second  mechanism  responsible  for  the  grating  formation  is 
revealed  in  a  TEM  micrograph,  (Fig.  2),  which  shows  an  increase  of  Cu 
particle  size  in  the  high  light  intensity  regions.  The  average  growth  rate  of 
the  Cu  particle  radius  is  very  high,  about  10'^  cm  per  laser  pulse,  so  that 
the  average  radius  grows  by  a  factor  of  2  after  10^  pulses.  In  regions  with 
low  light  intensity  the  Cu  particles  do  not  change  their  size  and  the  film 
remains  stable. 


Figure  2.  TEM  picture 

of  3  pm  grating 
written  in  a  SiO  glass 
film  containing 
quantum  dots  of  Cu. 


In  separate  experiments  island  films  of  Cu,  Au  and  In  with  a 
thickness  of  10-20  nm,  were  vacuum  condensed  on  a  heated  glass  or  NaCl 
substrate.  TEM  studies,  (Fig.  3),  of  the  island  film  morphology  after  laser 
irradiation  show  gratings  which  are  made  up  of  lines  containing  metal 


Figure  3.  3  pm  period 
grating  written  in  a  Cu 
island  film  of  20  nm 
thickness. 


islands  of  an  average  size  which  are  bigger  than  islands  in  surrounding 
areas.  The  average  island  size  in  regions  of  high  intensity  illumination  as 
well  as  the  width  of  the  line,  grows  with  exposure  time,  indicating  a  very 
fast  surface  coalescence  of  the  islands,  while  the  island  size  in  the  low 
intensity  regions  (interference  minima)  does  not  change  with  time. 

To  determine  the  mechanism  of  grating  formation  for  both  types  of 
sample  we  consider  the  heat  distribution  near  the  absorbing  particle,  of 
radius  R,  in  a  transparent  matrix  during  the  laser  pulse  with  duration  t. 
The  particle's  temperature  changes  as  a  result  of  a  balance  between  the 
absorbed  energy  and  the  conductive  heat  loss  to  the  glass  matrix.  The  time 
dependent  particle  temperature,  Tj( t),  is  determined  by  the  equation: 


dt 


^  A  d2  ^2 

-^  +  47LR 

rqv  or 


\r=R 


(1) 


where  Aq/t  =  alv  is  the  energy  absorbed  by  particle  per  unit  time;  a  is  the 
absorption  index,  k  is  the  heat  conductivity  of  the  glass,  I  is  the  pulse 
intensity,  v  =  4kR^/3  is  the  volume  of  the  particle,  Ci  and  C2  are  the  heat 
capacities  per  unit  volume  of  the  particle  and  glass  matrix,  and  T2{r,t)  is 
the  temperature  distribution  near  the  particle.  Considering  the  problem  for 
a  7  nanosecond  pulse,  we  may  suppose  dT2/dt  ~  0  and  look  for  a  steady 
state  solution,  because  the  characteristic  time,  t^h-  /V6k,  for  heat  spreading 
over  the  average  distance  I  between  particles,  is  much  less  than  t  .  Thus, 
with  l~  5x10-6  cm  and  K~  10-2cm2/s  we  obtain  tch~  5xl0-i0s,  which  is  at 
least  an  order  of  magnitude  less  than  r  .  Thus  except  for  a  short  time  of 
order  at  the  start  and  end  of  the  pulse  we  may  consider  the  particle's 
temperature  as  a  constant. 

In  this  case  the  temperature  distribution  around  the  particle  is 
determined  by  the  expression 

(2) 

where  is  the  temperature  of  the  matrix  and  is  the  temperature  of  a 
particle  with  the  radius  R.  It  follows  from  (2),  that  (dT2/dr)^^ii  =  -{Tj^ 
-T,^)IR.  Substituting  this  into  (1)  with  dTildt  =0,  we  obtain 

Tr  =  T„+—R\  (3) 

"  3c, k: 


i.e.  the  temperature  of  a  particle  is  proportional  to  the  square  of  its  radius. 
With  a=10'7  cm-i,  Ci=  4x106  J/Km3,  IO-2  cm^/s,  1  =  6x106  W/cm2,  R 
~10  nm,  we  obtain  -T,^  ~  500  K,  and  for  a  particle  with  R  =20  nm  the 
difference  is  T/j  -r,„  =  2500  K. 


JMC2-4  /51 


The  atom  flux  directed  towards  the  Cu  particle  from  the  glass 
matrix,  is  7  =  -D(dC/dr)r^R  ~  DAC/R,  where  D  is  the  Cu  atomic  diffusion 
coefficient  in  glass  around  the  particle,  C  is  the  Cu  concentration  in  SiO 
glass  and  AC  is  the  difference  between  concentration  of  Cu  in  the  glass 
matrix  the  equilibrium  concentration  at  the  particle  temperature.  This  flux 
leads  to  a  growth  of  the  Cu  particles  with  a  rate 

dR/dt  =  JQ=  DQAC/R,  (4) 

where  is  the  atom  volume.  With  D=10-6cm2/s  (the  glass  surrounding 
the  Cu  particle  becomes  liquid  during  the  laser  pulse);  QAC  =  lO-i;  R=  10-6 
cm  we  obtain  dR/dt=  lO-i  cm/s,  which  is  in  a  good  agreement  with  the 
experimental  value. 

The  theoretical  analysis  of  the  heat  distribution  on  the  glass  surface 
surrounding  a  metal  island  is  similar  to  what  was  presented  above  for  the 
metal  particle  inside  the  transparent  matrix.  This  indicates  that  the  island 
temperature  during  the  7  nanosecond  laser  pulse  can  be  as  high  as  2500oC 
(for  an  ~  20  nm  island  size)  and  increases  with  size  proportional  to  R'^. 
Thus  two-dimensional  diffusional  coalescence^  cannot  explain  the  observed 
results.  We  propose  a  new  mechanism  for  the  coalescence  of  the  metal 
particles  which  is  connected  with  the  overall  random  surface  motion  of 
liquid  islands  in  a  local  temperature  gradient,  and  collisions  during  this 
motion.  The  temperature  distribution  around  each  metal  particle  on  the 
substrate  is  described  by  an  expression  similar  to  Eq.  2.  Small  random 
drifts  of  a  liquid  drop  in  a  temperature  gradient  must  lead  to  an  overall 
directed  average  motion  to  colder  regions.  During  this  motion,  the  biggest 
(and  therefore  hottest)  liquid  drops  coalesce  with  the  smaller  solid 
particles.  In  the  Figure  3  the  tracks  of  such  motion  and  coalescence  can  be 
discerned  as  areas  besides  the  larger  coalesced  particles  that  were  left 
empty  of  metal  particles. 


1.  I.  M.  Lifshits  and  V.  V.  Slyozov,  J.  Phys.  Chem.  Solids,  19,  35  (1961). 
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1.  Introduction 


High  power  ultraviolet  lasers  are  now  widely  used  in  the  semiconductor  industry 
and  inertial  confinement  fusion  research,  and  are  finding  increased  application  in  medical 
therapy.  Whether  based  on  excimers  or  frequency  converted  solid-state,  high  power 
ultraviolet  lasers  continue  to  be  plagued  by  issues  of  optical  damage  and  a  limited  choice  of 
optical  components  for  beam  manipulation.  In  particular,  system  performance  is  often 
limited  by  the  damage  threshold  of  cavity  and  transport  mirrors.  Beam  transport  and 
steering  based  on  refractive  optics  are  limited  not  by  surface  damage  as  is  the  case  with 
reflective  systems  but  instead  by  bulk  damage  induced  by  two  photon  absorption,  color 
center  formation  and  self-focusing.  These  limitations  can,  in  principle,  be  overcome  in 
many  applications  by  the  use  of  transmission  gratings  fabricated  in  high  damage  threshold, 
transparent  materials. 

We  present  the  design  and  performance  of  high-efficiency  transmission  gratings 
fabricated  in  bulk  fused  silica  for  use  in  ultraviolet  high-power  laser  systems.  By 
controlling  the  shape,  depth,  and  duty  cycle  of  the  grooves  we  have  achieved  a  diffraction 
efficiency  exceeding  95%  in  the  m  =  -1  order.  By  directly  etching  the  grating  profUe  in 

bulk  fused  silica  we  have  achieved  damage  threshold  greater  than  13  J/cm  for  1  nsec 
pulses  at  35 1  nm. 

II.  Theory 

The  efficiency  of  a  grating  depends,  for  given  wavelength  X,  polarization  and  angle 

of  incidence  a ,  on  groove  period  d,  groove  depth  h  ,  and  the  shape  of  the  grating  profile. 

For  suitable  choice  of  these  parameters  the  transmission  efficiency  can  approach  100%. 

The  most  efficient  gratings  are  obtained  when  only  two  orders  can  propagate,  namely  the 
zero  order  (specular  reflection)  and  the  -1  order,  and  when  the  incident  radiation  impinges 
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close  to  the  Littrow  angle,  arcsin(A/2J)  (autocollimation).  By  suitably  choosing  the  groove 

spacing  d  for  given  wavelength  X  we  can  exclude  all  other  orders.  This  possibility  follows 

from  the  basic  grating  equation  relating  angle  of  incidence  a  to  angle  of  diffraction  Pm  for 
order  m, 

sin  Pm  =  sin  a  +  {mX!  d).  ( 1 ) 

Our  goal  for  permitting  only  two  orders  can  be  assured  by  fixing  the  grating  period  to  be 
smaller  than  the  wavelength.  For  light  of  wavelength  351  nm  this  implies  a  groove  period 
of  351  nmor  less. 

The  geometry  of  diffraction  is  entirely  set  by  the  grating  equation,  and  is 
independent  of  groove  depth  or  profile.  With  period  =  350  nm  the  Littrow  angle,  at  which 
reflective  diffraction  into  order  -1  coincides  with  incident  radiation,  is  30°.  With  this 
incident  angle  the  transmitted  light  into  order  *1  emerges  into  air  at  an  angle  of  30°.  Thus 
there  will  be  a  60°  angle  between  the  two  transmitted  orders  as  they  emerge  into  air. 

Taking  the  groove  spacing  to  be  350  nm,  we  found  that  there  was  a  range  of 
parameters  at  which  the  efficiency  was  97%  or  better.  Our  target  design  is  for  a  period  of 
350  nm,  a  depth  of  around  600  nm,  and  with  duty  cycle  of  0.5  (i.e.  the  grooves  have  width 
175  nm)  to  be  used  with  TE  polarized  light.  Figure  1  illustrates  the  profile  and  efficiency 
for  this  design.  This  design  has  a  theoretical  efficiency  of  98%  into  m=  order. 


Figure  1.  Right:  Theoretical  transmission  efficiency.  A,  =  351  nm,  order  -1  and  TE 
polarization,  as  a  function  of  groove  depth  (nm)  and  duty  cycle  for  a  rectangular-profile 
grating  etched  into  silica  (left  frame).  Incident  angle  is  Littrow  angle,  groove  spacing  is  d  = 
350  nm.  The  peak  efficiency  (97.6%)  occurs  for  depth  of  600  nm  and  duty  cycle  0.5. 
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III.  GRATING  FABRICATION 


Our  fabrication  of  gratings  proceeds  through  several  steps.  We  first  prepare,  on 
suitably  flat  and  polished  substrates,  carefully  controlled  thickness  of  photoresist.  We  next 
use  laser  interference  lithography  to  pattern  the  photoresist  with  the  desired  profiles.  We 
develop  the  resultant  latent  image  to  form  a  corrugated  photoresist  grating,  which  we 
transfer  etch  into  the  substrate.  A  typical  photoresist  grating  and  a  grating  etched  into  bulk 
fused  silica  is  shown  in  Figure  2. 


Figure  2A.  Grating  profile  patterned  in  photoresist,  2B)  Grating  profile  etched  into  bulk 
fused  silica. 


IV.  EXPERIMENTAL  RESULTS 

We  have  fabricated  a  grating  that  exhibits  a  diffraction  efficiency  in  excess  of  95% 
in  the  m  =  -1  order  and  2%  in  the  transmitted  0  order  at  the  Littrow  angle  of  the  grating. 

The  light  that  is  not  present  in  these  two  orders  appears  to  be  diffusely  scattered.  This  can 
be  seen  from  the  hazy  appearance  of  the  sample.  We  attribute  this  to  the  defects  in  the  bulk 
fused  silica  substrate  that  was  used.  This  can  be  corrected  by  using  super  polished  fused 
silica  substrates  (fused  silica  substrates  that  have  been  etched/polished  to  minimize 
substrate  polishing  damage).  It  is  expected  that  with  these  substrates  a  diffraction 
efficiency  of  greater  than  97%  can  be  obtained.  Experimental  results  are  in  good  agreement 
with  our  theoretical  computations. 

In  addition,  we  have  conducted  damage  test  of  these  transmission  grating  using  a  3 
ns  pulse  from  a  frequency-tripled  Q-switched  Nd:YAG  laser.  The  grating  was  situated  to 
the  TE-polarized  laser  beam  at  the  use  angle  of  30°.  Both  front  and  back  surfaces  had  a 
damage  threshold  of  13.2  Hcva.  These  values  are  typical  for  standard  bulk  fused  silica. 
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1.  Introduction 

During  efforts  to  produce  multilayer  high  efficiency  dielectric  reflection  gratings  in 
oxides,  351nm  high  efficiency  transmission  gratings,  and  other  development  work,  we 
required  very  high-contrast  grating  profiles  in  photoresist.  High-contrast  profiles  are 
profiles  with  very  steep  sidewalls,  greater  than  80  degrees.  It  is  quite  difficult  to  achieve 
high-contrast  profiles  using  interference  lithography.  The  electric  field  distribution  is 
sinusoidal.  Therefore,  one  would  conclude  that  the  profile  would  resemble  a  sinusoid,  as 
shown  in  Figure  la.  Early  work  with  interference  lithography  produced  grating  profiles 
similar  to  the  ones  shown  in  Figure  la.'  -’  We  have  learned  that  if  great  care  is  taken  in  the 
processing  steps,  very  different  profiles  can  be  achieved.  Figure  lb  shows  a  very  high- 
contrast,  high-aspect  ratio  grating  profile  in  photoresist.  The  difference  between  Figure  la 
and  Figure  lb  is  that  1)  the  photoresist  profile  in  Figure  lb  has  completely  developed 
through  to  the  substrate,  and  2)  the  contrast  characteristics  of  the  photoresist  used  in  Figure 
lb  are  superior  over  the  photoresist  used  in  Figure  la. 


Figure  la)  Scanning  electron  micrograph  of  sinusoidal  profile  in  photoresist,  lb)  Scanning 
electron  micrograph  of  high-contrast  profile  photoresist. 

In  addition  to  high-contrast  photoresist  and  the  complete  dissolution  of  the  grating 
troughs  to  the  substrate,  the  exposure  laser  must  operate  single-frequency.  This  is  essential 
for  the  production  of  high-aspect  ratio,  high-contrast  grating  profiles  since  the  contrast  of 
the  exposure  laser  is  transferred  to  the  photoresist  during  exposure. 
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Etched  stmctures  such  as  grating  profiles  etched  into  a  Si02  layer  atop  a  multilayer 
dielectric  stack,  and  a  ultraviolet  transmission  grating  etched  into  bulk  fused  silica,  require 
high-contrast  for  high-efficiency.  These  are  more  easily  made  with  a  high-contrast  mask. 

It  is  also  important  to  mention  that  a  high-contrast  profile  is  not  always  desired  or 
needed  for  all  applications.  In  fact,  a  distorted  sinusoidal  profile  is  used  for  all  of  our 
metallic  overcoated  gratings.^  Additionally,  we  have  developed  a  process  to  control  the 
duty  cycle,  the  full-width-at-half-maximum  of  the  structure  divided  by  its  period,  of  the 
structures  from  0.6  to  0.17. 

11.  Vertical  Sidewalls 

The  use  of  different  types  of  photoresist  has  become  very  important  to  our 
processing  technique.  We  have  discovered  that  each  of  the  different  photoresists  used  have 
individual  advantages  and  disadvantages.  By  choosing  a  particular  photoresist  we  can  now 
control  the  photoresist  profiles,  from  a  distorted  sinusoid  to  a  rectangular  profile,  from  a 
duty  cycle  of  greater  than  0.6  to  less  than  0.17.  For  instance.  Photoresist  A  used  to 
produce  very  steep  side  walls  has  excellent  contrast  characteristics  but  low  sensitivity, 

requiring  exposure  fluence  >120mJ/cm^.  On  the  other  hand.  Photoresist  B  has  very  high 

2 

sensitivity,  requiring  an  exposure  fluence  of  about  20mJ/cm  ,  but  its  contrast 
characteristics  are  lower.  Figures  2a  and  2b  show  grating  profiles  of  these  photoresist 
exposed  under  similar  conditions. 


Figure  2a)  Typical  profiles  produced  with  Photoresist  A,  2b)  Typical  high-contrast  profile 
produced  with  Photoresist  B 

The  difference  in  the  grating  profiles  shown  is  a  function  of  the  photoresist  used.  Even 
though  all  of  the  resist  are  diazonapthoquinone-based  (DNQ),  they  exhibit  different  contrast 
characteristics.  The  basic  differences  between  these  resist  are  the  transparency  of  the  resin, 
synthesizer,  and  concentration  of  the  photoactive  compound.  Photoresist  B  uses  a  more 
transparent  resin  which  results  in  less  UV  light  being  absorbed,  and  lateral  scattering 
yielding  steeper  side  walls. 
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1  introduction 

Diffractive  micro-optical  elements  gained  increasing  interest  for  beam-shaping,  e.g.,  the  laser 
treatment  of  materials,!  and  for  illumination  systems.  The  fabrication  technologies  for  diffractive 
micro-optical  elements  bring  in  advance  high  accuracy  and  reproducibility,  especially  of  the 
periodicity  of  the  elements.  In  monochromatic  applications,  diffractive  micro-optical  elements  are 
only  restricted  by  the  limits  of  the  fabrication  technology. 

In  this  paper  we  discuss  the  design  and  fabrication  of  optical  diffusers  for  deep  UV 
lithography.  The  diffusers  generate  a  flat-top  intensity  distribution,^  for  a  partially  coherent 
excimer-laser  at  248nm.  We  investigated  far-field  distributions  with  a  uniform  intensity  over  a 
rectangular  shape.  High  efficiency  and  a  space-invariant  response  of  the  diffractive  elements  are 
required.  In  detail,  the  diffusers  have  to  be  almost  independent  of  the  size,  the  shape,  and  the 
homogeneity  of  the  illumination. 

The  fabrication  limits  due  to  the  restricted  resolution  of  the  fabrication  technology  are  a 
.severe  restriction  for  the  design  of  diffractive  elements  for  short  wavelengths  applications. 
Therefore,  a  conventional  design  was  preferred  to  the  IFTA-algorithm.3  In  this  case,  the  utilization 
of  arrays  of  binary  micro  Fresnel  lenses^  with  adapted  geometry  is  straight  forward.  The  lenses 
generate  the  desired  angular  spectrum,  while  the  array  property  warrants  the  space  invariance  of  the 
element.  However,  binary  Fresnel  lenses  suffer  usually  from  binarization  noise  and  a  large  zero^!* 
diffraction  order,  which  violates  the  homogeneity  condition  of  flat-top  distributions.  The  small 
oscillations  in  the  far-field  due  to  the  binarization  noise  can  be  smoothed  out  with  partially  coherent 
or,  in  the  limit,  incoherent  illumination.  Furthermore,  we  show  that  the  zeroth  order  is  reduced  by 
the  addition  of  a  constant  phase  offset  to  the  transmission  phase  function  of  the  lens  array. 

Binary  diffractive  elements  with  two  phase  levels  usually  have  low  diffraction  efficiency 
(40.5  %)y  For  the  generation  of  symmetrical  intensity  distributions,  however,  both  the  plus  and 
the  miiius  first  diffraction  order  contribute  to  the  desired  intensity  distribution,  increasing  the 
diffraction  efficiency  (~  80  %).  In  order  to  improve  the  efficiency,  multi-level  elements  have  to  be 
employed.  We  investigated  also  elements  with  varying  numbers  of  phase  levels,  where  the  number 
of  levels  is  chosen  according  to  the  resolution  limit  of  the  fabrication  technology.  As  will  be 
shown,  these  elements  have  a  locally  varying  diffraction  efficiency. 


2  Design  considerations 

The  basic  set-up  is  shown  in  Fig.  1 .  A  diffractive  element  is  illuminated  by  a  multi-mode  excimer- 
laser  with  given  beam  divergence  in  x-  and  y-direction  at  a  wavelength  of  248nm.  The  required 
intensity  distribution  is  then  obtained  in  the  Fourier-plane  of  the  second  lens  system. 
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The  phase  grating  to  generate  the  flat-top  intensity 
distribution  is  designed  as  an  array  of  micro-Fresnel 
lenses  of  rectangular  shape.  For  a  given  focal  length, 
the  shape  of  a  single  diffractive  lens  defines  the  shape 
and  the  diameter  of  the  far-field  distribution.  Due  to  the 
divergent  illumination  with  a  partially  incoherent 
source,  the  far-field  of  the  lenses  is  added  incoherently 
and  with  small  displacements.  In  the  following,  we 
assume  that  the  source  is  ideally  incoherent.  The  modal 
distribution  of  the  laser  is  approximated  roughly  by  a 
rect-function.  The  intensity  distribution  in  the  far-field 
is  therefore  given  by  a  convolution  of  the  square  of  the 
amplitudes  with  a  rect-function.  As  will  be  shown  in 
detail,  the  incoherent  source  has  a  smoothing  effect  to 
the  fine  oscillations  of  the  coherent  intensity 
distribution. 


►  Farfield 
y  Distribution 


3  Calculation  methods  for  the  far-field 
distribution 


Fig.  1.  Set-up  for  the  generation  of  3,, 

flat-top  distributions  (simplified).  conventionally  fabricated  as  a  binaiy  or  multilevel  phase 

grating.  In  that  case  the  direct  computation  of  the  far- 
field  according  to  the  Fresnel  series  by  a  sum  of  Bessel-functions  can  be  applied.®  For  this  reason, 
first  the  transition  points  tpn  of  the  m- level  Fresnel  lens  with  focal  length/  for  the  wavelength  X 
have  to  be  calculated.  The  phase  values  (pn  of  the  transmission  function  are  given  by 


2n  ln{  [22  2 

(Pn=n - =  #  +tPn  -f  +q>off 


where  we  have  introduced  a  constant  offset-phase  tpoff-  The  offset-phase  defines  the  interference 
between  the  first  few  contributions  to  the  Fresnel  series.  The  first  and  second  contribution,  e.g., 
can  be  adjusted  that  they  are  destructively  interfering  in  the  center  of  the  far-field  distribution.  The 
influence  of  the  offset-phase  to  the  high-frequencies  is  negligible. 
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Fig.  2.  Continuous  phase  function  and  binary  approximation  (a)  without  offset-phase,  (b)  with 
offset-phase  of  0.45  7C. 
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4  Effect  of  offset-phase  and  incoherent  iliumination 

Due  to  the  approximation  of  the  continuous  phase  profile  by  a  binary  or  staircase  grating  (Fig.  2), 
the  far-field  shows  rapid  oscillations  or  binarization  noise  (Fig.  3).  This  noise  is  smoothed  out  by 
the  incoherent  illumination  (Fig.  4).  In  the  center  of  the  zone  plate,  the  approximation  of  the  phase 
function  by  a  binary  phase  grating  is  poor  (Fig.  2).  With  a  constant  offset-phase  of  0.45  n,  the 
large  central  part  of  the  zone  plate,  which  is  not  diffracting  at  all,  is  decreased  (Fig.  2b).  The  large 
unmodulated  region  in  the  spectrum  of  a  zone  plate  (Fig.  3a)  without  phase  offset  is  modulated 
(Fig.  3b).  After  convolution  of  the  power  spectrum  with  the  spectrum  of  the  incoherent  source,  the 
large  zero  order  vanishes  almost  completely  (Fig.  4b) : 


Fig.  4.  Far-field  distribution  after  incoherent  illumination  (divergence  1  mrad). 


A  further  comparison  is  concerned  with  diffusers  of  different  size,  but  constant  numerical  aperture. 
The  number  of  Fresnel  zones  and  thus  the  number  of  contributions  to  the  Fresnel  sum  increases 
with  the  size  of  the  Fresnel  zone  plate.  The  frequency  spectra  exhibit  an  increasing  modulation  with 
increasing  element  size.  Therefore,  the  homogeneity  of  the  intensity  distribution  after  convolution 
irnproves  reasonably  with  increasing  element  size.  However,  with  increasing  element  size  of  the 
micro-Fresnel  lenses  the  space  invariance  of  the  diffuser  is  reduced.  The  optimum  is  a  trade-off 
between  homogeneity  of  the  intensity  distribution  and  space-invariance  of  the  element. 

A  first  design  of  a  rectangular  far-field  distribution  was  performed  with  an  array  of 
rectangular  binary  Fresnel  lenses  without  offset-phase.  The  design  angles  were  4  and  5.5  degrees 
in  X  and  y,  respectively.  Figure  5  shows  the  results  for  the  x-direction.  In  a  second  design,  a 
Fresnel  zone  plate  was  fabricated  with  a  constant  offset  phase.  The  results  for  the  simulation  and 
for  the  measurement  are  compared  in  Figs.  5  and  6.  Both  measurements  show  a  significant 
deviation  from  the  simulation  result  in  the  zeroth  order  due  to  fabrication  errors,  while  the  design 
angles  (4  degree  and  5.5  degree)  are  obeyed.  The  elements  were  fabricated  in  quartz  by  RIE  and 
they  have  a  smallest  feature  size  in  the  order  of  1  pm. 
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Fig.  5.  Simulation  result  for  a  binary  phase  element  (a)  without  offset-phase  (design  angle 
4  degrees)  and  (b)  with  offset-phase  (design  angle  5.5  degrees). 


Fig.  6.  Measurement  result  for  the  elements  given  in  Fig.  5. 


In  summary,  we  have  shown  that  by  a  simple  addition  of  a  constant  offset-phase  to  the 
continuous  phase  profile,  the  spectrum  of  the  binary  or  multilevel  phase  grating  can  be  modified. 
The  offset-phase  design  can  especially  be  applied  to  improve  the  homogeneity  of  the  far-field 
distribution. 

However,  etch  depth  errors  induce  an  enlargement  of  the  zero’^h  order.  Therefore  we  found 
a  large  zero^b  order  from  the  measurements  even  for  the  optimized  micro  Fresnel  lens.  However, 
the  total  amount  of  energy  in  the  central  peak  remains  very  small  and  it  is  therefore  advantageous  to 
defocus  or  to  block  the  zero*^b  order. 
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Optical  interconnections  have  been  shown  to  have  advantages  over  electrical  interconnections  in  terms  of 
speed,  energy,  and  density  for  global  links\  In  addition,  the  flexibility  of  optical  interconnections  permits  efficient 
electronic  layouts  that  can  improve  the  performance  of  electrical  connections  in  an  opto-electronic  computing 
system.  Optical  interconnections  systems  are  currently  a  very  active  area  of  research^'^  '*’^.  These  systems  typically 
combine  electronic  circuits,  opto-electronic  transmitters  and  receivers,  and  optical  elements.  Electronic  circuits  are 
usually  designed,  optimized,  and  fabricated  using  standard  VLSI  technology.  Many  technologies  are  available  for 
opto-electronic  transmitters  and  receivers;  in  our  case,  we  will  use  either  Si/PLZT^’  or  Si/MQW*  technologies. 
Similarly,  there  is  a  wide  choice  of  technologies  available  for  the  optical  elements  in  the  system.  In  this  paper  we 
first  present  some  results  on  dif&active  elements  for  Free-Space  Interconnection  systems  fabricated  using  e-beam 
direct  write  technology.  Then  we  discuss  the  design  and  optimization  of  the  diffractive  elements  used  in  a  particular 
free-space  optical  interconnection  scheme:  the  optical  transpose  interconnection  system  (OTIS);  where  we  have  used 
CodeV®^  optical  system  design  software  package  to  design  and  optimize  several  different  systems  based  on  both 
refractive  and  diffractive  micro-optic  technologies.  In  addition,  we  have  explored  the  possibility  of  using  a  volume 
holographic  element  to  replace  the  need  for  a  polarizing  beam  splitter  in  the  system. 

E-Beam  Direct  Write  Diffractive  Element  for  OptoElectronic  Computing  Systems 

We  will  present  experimental  results  of  analytic-type  diffractive  optical  elements  for  Free  Space  Optical 
Interconnects  systems.  These  elements  were  all  designed  using  CodeV®  and  fabricated  using  e-beam  direct  write 
techniques.  Arrays  of  lenslets  were  fabricated  to  provide  a  64x64  shuffle-exchange  and  a  8x8  twin-butterfly 
interconnections. 

Computer  Simulation  and  Optimization  of  OTIS  Optical  Elements 

We  have  modeled,  using  Code  V®  software,  various  256  channel  OTIS  systems.  First  order  geometrical 
approximations  determine  the  initial  design  of  each  system  given  fixed  parameters  such  as  500  jim  source  spacing, 
f/4  optics,  and  unit  system  magnification.  The  optimization  goal  is  to  maximize  the  amount  of  light  captured  by  a 
small  (typically  20)jjn  x  20)im)  aperture  on  the  output  plane,  representing  a  detector  element  on  an  opto-electronic 
chip.  The  various  models  include  systems  consisting  of  refractive  lenslets  as  well  as  spherical  and  aspheric  diffractive 
lenslets.  Lenslet  array  systems  are  defined  as  those  in  which  all  lenslets  within  an  array  are  identical.  The  individual 
lenslet  systems  are  more  complex,  having  each  lenslet  independently  optimized  for  the  particular  interconnect  paths 
it  is  required  to  support.  The  four  systems  chosen  for  study  represent  a  progression  in  increasing  design  complexity 
and  fabrication  cost  as  well  as  expected  performance. 

Design  and  Optimization  Approach 

Traditional  optical  system  design  software  is  not  well  suited  to  modeling  a  highly  parallel  256  channel  fiee- 
space  optical  interconnection  system.  The  limits  on  the  total  number  of  field  points  (25)  and  the  enormous 
computational  task  of  optimizing  large  non-sequential  surface  (NSS)  ranges,  needed  for  defining  the  individually 
optimized  lenslets,  prohibit  the  implementation  of  a  complete  model  of  the  system.  To  accurately  model  OTIS  we 
take  advantage  of  the  large  degree  of  symmetry  inherent  in  the  system  in  order  to  reduce  the  complexity  to  a 
manageable  amount 

The  sources,  representing  either  optical  modulator  or  vertical  cavity  surface  emitting  laser  (VCSEL)  arrays, 
are  modeled  as  object  field  points.  To  increase  efficiency  and  reduce  cross-talk,  the  chief  rays  of  each  source  is  aimed 
at  its  respective  interconnect  lenslet  using  the  CRA  command.  Modeling  all  of  the  interconnect  paths  is  impossible 
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because  of  the  limited  number  of  field  points  allowed  by  the  design  software.  A  sub-set  of  interconnection  paths 
must  therefore  be  selected.  For  the  256  channel  system,  there  are  three  unique  lenslet  functions  on  each  lenslet  plane. 
The  paths  are  chosen  such  that  each  pairing  of  the  lenslets  functions  between  the  two  planes  is  represented;  only 
unique  paths  are  included.  Each  field  point  is  weighted  accOTding  to  the  total  number  of  paths  it  represents. 

The  directed  illumination  of  the  modulators  is  formed  by  uniformly  illuminating  an  array  of  off-axis 
lenslets  having  square  apertures.  As  a  result  the  modulated  light  will  have  a  sinc^  profile.  We  have  approximated  this 

as  a  Gaussian,  as  this  type  of  apodization  is  much  easier  to  implement  in  CodeV®.  This  approach  is  also  valid  if 
VCSELs  are  used  rather  than  modulators.  All  systems  have  two  glass  plates  included  which  represent  the  lenslet 
substrates.  We  have  included  1.2mm  thick  low-expansion  (LE)  glass  plates  as  this  is  the  substrate  used  for  the  in- 
house  fabrication  of  CXJH’s. 

Each  interconnect  lenslet  plane  is  defined  as  a  non-sequential  surface  range.  Our  initial  designs  were 
accomplished  by  specifying  a  single  element  and  using  the  ARR  command  to  replicate  it  into  an  array.  For  the 
individual  lenslet  systems  we  needed  to  set  up  a  plane  of  non-identical  lenslets.  To  insure  that  all  rays  intersect  the 
proper  lenslet  we  had  to  use  non-sequential  surfaces  (NSS).  Both  NSS  ranges  have  zero  thickness;  they  are  located  on 
the  surface  of  the  substrates.  Within  each  range  the  x-y  location  (decentration)  and  size  (clear  aperture  and  edge 
location)  of  all  the  lenslets  are  defined. 

As  a  result  of  such  modeling,  it  is  shown  that  aspheric  individually  optimized  lenslets  provide  the  best 
optical  performance,  although  some  limitations  on  uniformity  and  aberrations  are  still  evident.  The  CodeV  files  are 
also  used  to  generate  the  fabrication  data  for  the  lenslets. 


Birefringent  Computer  Generated  Holograms 

In  the  case  where  the  optical  transmitters  are  modulators,  we  are  studying  different  methods  of  illumination. 
In  orda-  to  maximize  light  coupling  into  the  OTIS  interconnect  optics,  the  modulators  should  be  illuminated  off 
normal.  The  most  promising  approach  to  achieve  this  uses  an  area-multiplexed  off-axis  diffractive  lenslet  array.  Such 
a  system  provides  the  necessary  directed  illumination.  For  reflection-mode  modulators  the  system  must  be  ‘folded’ 
onto  itself.  In  this  case,  both  the  illumination  and  interconnection  optics  can  be  combined  into  the  same  optical 
element  using  the  technology  of  birefringent  computer  genoated  holography  (BCGH)*®.  A  BCGH  is  a  computer 
generated  hologram  (CGH)  with  two  different  phase  functions,  one  for  each  state  of  linear  polarization.  If  multiple 
quantum  well  (MQW)  electro-absorptive  modulators  are  used,  then  a  quarter-wave  retardation  plate  is  needed  between 
the  BCGH  and  the  lenslet  plane.  No  waveplate  is  needed  if  Lead  Lanthanum  Zirconate  Titanate  (PLZT)  elecdX)-optic 
modulators  are  used,  as  these  provide  the  necessary  polarization  rotation.  With  such  an  illumination  system  the  off- 
axis  performance  of  the  modulators  may  be  an  issue.  MQW’s  have  been  shown  to  have  a  suitably  wide  (10°-15°) 
angular  acceptance  range**.  We  are  presently  evaluating  the  off-axis  performance  of  PLZT  modulators;  preliminary 
results  show  acceptable  performance  -15°  from  the  normal. 

The  BCGH  technology  can  be  used  to  implement  both  the  area-multiplexed  illumination  lenslets  and  the 
OTIS  lenslets  in  a  modulator  based  system  and  we  are  in  the  process  of  fabricating  and  testing  in  a  system 
environment  the  first  such  array. 


Photorefractive  Beam  Splitter 

Interconnection  systems  with  light  modulators  as  transmitters  require  a  beamsplitter  or  equivalent 
component.  This  element  is  necessary  to  direct  illumination  light  to  the  modulators  and  provide  low  losses  on  the 
interconnect  path.  The  traditional  component  used  is  a  Polarizing  Beam  Splitter  (PBS)  in  combination  with  a 
quarta--wave  retardation  plate;  however  PBS’s  have  major  drawbacks  in  OTIS.  PBS’s  have  a  limited  angular 
acceptance  range,  typically  ±5°;  exceeding  this  range  results  in  polarization  ‘crosstalk’  and  lessened  overall  efficiency. 
Staying  within  this  range  leads  to  high  f#  optics,  given  by: 


^0-42 


4m  4n 


4m  +  i  4n+i 


1 


tan  5® 


For  example,  a  256  channel  system  (  A/  =  =  16)  would  be  limited  to  f/12.9  or  greater  optics,  and  a  4096 

channel  system  (M  =  N  =  64)  would  be  limited  to  f/14.1.  Note  that  the  total  system  length  is  proportional  to  the 
and  low  f#  lenses,  both  refractive  and  diffractive,  are  available.  Thus,  a  PBS  unnecessarily  increases  the  system 
length. 
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We  replace  the  PBS  with  a  volume  hologram  recorded  in  Iron  doped  Lithium  Niobate  (Fe:LiNb03).  Such 
an  element  utilizes  the  Bragg  selectivity  of  a  volume  grating  rather  that  the  polarization  selectivity  of  a  PBS  to 
distinguish  between  the  illumination  and  interconnect  paths.  Incident  plane  wave  illumination  may  be  diffiacted 
towards  the  modulators  with  good  efficiency,  since  only  one  hologram  is  recoded;  while  the  interconnection  paths 
(composed  of  off-axis  convergent  and  divergent  beams  not  meeting  the  Bragg  condition)  suffer  only  minimal  losses 
due  to  surface  reflections  and  absorption. 

Theoretical  analysis  is  promising.  Analysis  based  on  coupled  mode  equations  predicts  peak  efficiency 
(theoretically  100%,  but  practically  we  can  expect  -60%  for  a  single  volume  transmission  grating  in  Fe:Lib^3) 
achievable  over  a  wide  range  of  incident  angles,  given  the  proper  exposure;  and  a  Bragg  selectivity  (angular  deviation 

away  from  Bragg  condition  at  which  the  diffraction  efficiency  has  fallen  to  1  /  of  maximum)  of  better  than  6  arc- 
minutes.  Experiments  to  verify  these  performance  predictions  are  in  progress;  results  will  be  presented. 
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Vertical-cavity  surface-emitting  lasers  (VCSELs)  are  very  desirable  sources  for  a  variety 
of  optical  system  applications.  In  particular,  the  inherent  planarity  of  arrays  of  VCSELs 
makes  them  ideal  for  compact  3 -dimensional  optical  interconnect  systems'.  Despite 
smaller  beam  divergence  than  edge  emitting  lasers,  spreading  of  the  beam  emerging 
perpendicular  to  the  surface  of  the  VCSEL  limits  the  range  of  free  space  transmission, 
reduces  the  device  density  in  an  array  and  can  introduce  cross-talk.  Although  an  external 
optical  system  using  a  separate  lens  array  is  a  possible  solution,  the  idea  may  be 
impractical  or  expensive  due  to  constraints  such  as  space  limitations  or  the  additional 
need  for  an  optomechanical  system  to  position  the  lenses.  An  alternative  approach  is  the 
integration  of  high  efficiency  diffractive  optics  and  VCSELs  on  a  single  transparent 
substrate.  Such  a  compact  source  is  also  very  attractive  for  miniature  optical 
instrumentation  applications.  Integrating  diffractive  optical  elements  with  substrate- 
emitting  VCSELs  provides  a  method  for  manipulating  the  propagation  properties  of  the 
exiting  beams^.  With  diffractive  structures,  a  broad  range  of  optical  elements  can  be 
easily  designed  and  fabricated  and  high  diffraction  efficiencies  can  be  achieved  with 
current  processing  technologies. 


Individually-Addressed 


Figure  1.  Drawing  of  VCSEL  array  with  diffractive  lenses  etched  into  the 
transparent  substrate. 

The  basic  device  concept  is  illustrated  in  Figure  1 .  The  integrated  device  with  on-axis 
lens  is  designed  for  use  as  a  laser  source  with  controlled  beam  properties  for  a  prototype 
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vertical  optical  interconnect  system  for  stacked  multichip  modules.  For  this  interconnect 
system,  the  VCSELs  transmit  an  optical  signal  to  photoreceivers  located  850  microns 
away,  through  100-micron  diameter  vias  in  the  silicon  mounting  module  shown  in  Figure 
2. 


Figure  2.  Drawing  of  one  channel  of  prototype  optical  interconnect  system  for 
stacked  multi-chip  modules. 

The  monolithic  integrated  device  is  comprised  of  an  independently  addressable  VCSEL 
array  on  top  of  a  350-micron  thick  GaAs  substrate  with  an  8-phase  level  diffractive  lens 
etched  on  the  opposite  surface.  The  VCSELs  are  fabricated  as  4  x  4  arrays  on  a  500- 
micron  pitch  with  top-side  n  and  p  contacts.  The  emitted  light  has  a  typical  wavelength 
of  970  nm,  which  allows  use  of  the  transparent  substrate  as  an  optical  medium.  The 
VCSEL  array  is  fabricated  first  on  a  substrate  already  thinned  and  polished  to  the  desired 
thickness.  The  lenses  are  then  fabricated  by  a  sequence  of  direct-write  e-beam 
lithography  steps  and  reactive  ion  beam  etching  steps.  Scanning  electron  micrographs  of 
a  finished  lens  are  shown  in  Figure  3.  The  efficiency  of  power  transmission  through  a 
100  micron  pinhole  850  microns  from  the  lens  was  measured  for  devices  with  and 
without  lenses.  The  efficiency  of  transmission  through  the  pinhole  increases  from  about 
15%  without  a  lens  to  over  80%  with  the  lens. 

Off-axis  lenses  have  also  been  fabricated  on  VCSEL  substrates  by  the  same  process.  The 
off-axis  lens  shown  in  Figure  4  is  similar  in  performance  to  the  on-axis  lens  with  a 
collimated  beam  tilted  20  degrees.  The  off-axis  lens  integrated  into  the  VCSEL  substrate 
is  being  developed  for  position  sensing  applications  that  require  extremely  compact 
geometries.  The  off-axis  beam  allows  a  simple  design  for  reading  of  a  reflective  pattern 
on  a  moving  surface.  Integration  of  the  off-axis  lens  demonstrates  a  capability  to  control 
the  direction  as  well  as  the  divergence  of  a  VCSEL  beam  with  integrated  diffractive 
lenses. 
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Figure  3.  Scanning  electron  micrograph  of  diffractive  lens  fabricated  on  the  GaAs 
substrate  of  a  VCSEL  array.  The  lens  is  80  microns  in  diameter  and  has  a  110 
micron  focal  length.  The  smallest  features  are  approximately  0.25  micron. 


Figure  4.  Scanning  electron  micrograph  of  an  off-axis  diffractive  lens  integrated 
into  a  VCSEL  array  substrate.  The  specifications  are  similar  to  the  lens  in  Figure  3, 
except  the  lens  is  designed  to  direct  the  VCSEL  beam  20  degrees  off-normal. 

A  top-emitting  device  cannot  use  the  substrate  material  as  an  optical  medium  as 
previously  described.  One  approach  to  combining  a  top-emitting  VCSEL  array  with 
diffractive  optical  elements  in  a  compact  package  is  to  use  flip-chip  bonding  of  the 
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VCSELs  to  a  transparent  substrate  on  which  the  various  optical  elements  can  be 
fabricated^.  This  technique  is  especially  applicable  to  visible-wavelength  VCSEL 
structures  for  which  the  substrate  is  not  transparent.  In  this  case  we  have  fabricated 
diffractive  optical  elements  in  fused  silica  substrates  that  the  VCSEL  arrays  can  be  flip- 
chip  bonded  to.  We  are  developing  this  approach  for  miniaturized  instruments  for 
applications  that  include  displays,  scanning  and  chemical  sensing.  Figure  5  is  a 
photograph  of  a  VCSEL  array  flip-chip  bonded  to  a  silica  substrate,  taken  from  the  silica 
side. 


Figure  5.  Photograph  of  a  VCSEL  array  flip-chip  bonded  to  a  fused  silica  substrate, 
taken  through  the  silica  substrate  showing  the  top  of  the  array. 
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!•  Introduction 

The  ability  to  shape  the  diverging  beam  from  a  sur¬ 
face-emitting  laser  or  a  light-emitting  diode  is  important 
for  future  micro-optic  illumination  systems.  In  this 
paper,  we  consider  using  two  surface-relief  diffractive 
optical  elements  (DOEs)  to  shape  the  output  from  a  980- 
nm  multimode  vertical-cavity  surface-emitting  laser 
(VCSEL)  into  a  closely  spaced  rectangular  spot  array  in 
the  near  field  (approximately  10  mm  from  the  laser).  We 
also  describe  a  similar  system  for  illumination  by  an 
850-nm  resonant-cavity  light-emitting  diode  (RCLED). 
With  small  intensity  variation  from  spot  to  spot,  the 
rectangular  spot  array  is  intended  to  approximate  a  pro¬ 
file  that  is  completely  uniform  from  point  to  point.  This 
design  strategy  is  particularly  valuable  with  the  VCSEL, 
as  its  complicated  multimode  emission  profile  makes  it 
nearly  impossible  to  guarantee  absolute  uniformity 
within  the  rectangle,  but  creating  a  rectangular  array  of 
light  spots  spaced  very  close  together  is  still  feasible. 

The  VCSEL  emission  profile  is  determined  by  the 
width  of  the  active  region  and  the  bias  current.  The  line- 
width  of  our  typical  980-nm  VCSEL,  with  a  24-|am 
active  width,  increases  with  bias  current  and  varies  from 
0.3  nm  to  0.7  nm.  The  far-field  divergence  angle 
(FWHM)  varies  from  3  to  10  degrees,  again  increasing 
with  bias  current.  The  linewidth  of  our  typical  850-nm 
RCLED  is  much  broader  and  equals  about  13  nm.  The 
RCLED  also  emits  a  nearly  Lambertian  profile  with  a 
far-field  divergence  angle  (FWHM)  of  approximately 
100  degrees.  In  terms  of  modeling,  the  narrow  emission 
spectrum  of  the  VCSEL  allows  it  to  be  considered  as 
perfectly  coherent,  whereas  the  RCLED  is  modeled 
more  accurately  as  narrowband  and  spatially  incoherent. 

2.  The  Cascaded  Approach 

The  cascaded-DOE  approach  that  we  investigated 
uses  a  phase  Fresnel  zone  plate  (FZP)  and  an  array  gen¬ 
erator  to  produce  a  rectangular  spot  array  with  small 


intensity  variation  (see  Fig.  1).  The  rectangular  spot 
array  is  meant  to  be  observed  in  the  image  plane  of  the 
phase  FZR  This  technique  of  using  two  DOEs  instead  of 
one  is  advantageous  in  that  the  focusing  function  of  the 
total  optical  system  can  be  assigned  to  the  phase  FZP. 
This  allows  the  array  generator  and  the  phase  FZP  to  be 
designed  independently.  Furthermore,  this  cascaded 
approach  works  well  with  either  VCSEL  or  RCLED 
illumination. 

The  first  element  in  our  cascaded  approach,  the 
phase  FZP,  determines  the  size  of  an  individual  spot  in 
the  image  plane.  A  phase  FZP  is  merely  a  staircase 
approximation  to  a  phase  Fresnel  lens,  and  it  has 
increasing  efficiency  for  an  increasing  number  of  phase 
levels.  For  example,  a  two-phase  FZP  can  be  shown  to 
have  a  maximum  diffraction  efficiency  of  40.5%,  and  a 
four-phase  FZP  to  have  an  upper  limit  of  81%.  The  sec¬ 
ond  element  in  our  cascaded  approach,  the  array  genera¬ 
tor,  determines  the  overall  shape  and  spacing  of  the 
closely  spaced  spots  in  the  image  plane.  In  this  paper, 
we  are  interested  in  rectangular  spot  arrays,  but  the  array 
generator  is  capable  of  creating  arbitrary  shapes. 


Image  Plane 


Fig.  1  Cascaded-DOE  approach  to  achieving  a 
rectangular  spot  array. 
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3.  Theory  of  Spot-Array  Generation  with 
Multimode  VCSELs 

The  total  optical  system  is  nearly  invariant  to  the 
complicated  multimode  profile  of  the  VCSEL.  This  can 
be  seen  by  computing  the  field  that  results  in  an  arbi¬ 
trary  observation  plane.  Modeling  the  VCSEL  field  as 
monochromatic  and  using  the  Fresnel  approximation 
[1],  the  complex  electric-field  amplitude  in  a  plane  a  dis¬ 
tance  z  behind  the  array  generator  is  given  by 

Ui(Xj,yi)  =  * 


the  focal  length  of  the  phase  FZP.  With  this  assumption, 
the  impulse  response  is  given  by 
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As  an  example,  using  (2)  allows  the  amplitude  in  the 
image  plane,  U;  (x-,  y^) ,  to  be  expressed  as 


V,ix,y.) 


kP  ] 

f  -  r  2^  2^1 

{4X^1  \ 

exp 

where  *  represents  convolution,  /j  (Xj,  yj)  is  the 
Bessel  function  of  the  first  kind  of  order  one,  X  is  the 
wavelength,  I  is  the  diameter  of  the  phase  FZP,  and 
are  the  Fourier  series  coefficients  of  the  array  generator, 
which  has  periods  and  P^  along  x  and  y,  respec¬ 
tively.  Uyi  (Alp  yj)  is  the  complex  electric-field  ampli¬ 
tude  in  the  observation  plane  due  to  the  phase  FZP 
acting  alone  on  the  VCSEL  field.  If  the  observation 
plane  is  restricted  to  the  image  plane  of  the  phase  FZP, 
Uvi  (Ap  yi)  is  the  VCSEL  image.  Equation  (1)  indi¬ 
cates  that  Uyi  (Ap  y,)  is  widened  in  the  observation 
plane,  and  that  multiple  replicas  of  this  field  occur  peri¬ 
odically.  Thus,  regardless  of  the  VCSEL  profile,  a  rect¬ 
angular  spot  array  can  be  produced  in  the  image  plane, 
as  the  array  generator  can  be  designed  to  selectively  cre¬ 
ate  VCSEL  images. 

4.  Coherent  Impulse  Response  of  Optical 
System 

The  coherent  impulse  response  of  the  total  optical 
system  can  be  used  to  determine  the  field  in  any  obser¬ 
vation  plane  given  an  arbitrary  field  in  the  exit  aperture 
of  the  VCSEL.  More  importantly,  it  can  also  be  used  in 
the  analysis  of  the  two-element  system  with  RCLED 
illumination.  Using  Fresnel  diffraction  theory,  the 
impulse  response  can  be  derived  exactly  and  then  used 
to  arrive  at  the  same  expression  as  in  (1).  However,  this 
particular  impulse  response  is  not  a  simple  expression, 
which  complicates  the  analysis  of  the  optical  system 
with  RCLED  illumination.  The  impulse  response  is  con¬ 
siderably  simplified  if  the  observation  plane  is  restricted 
to  the  image  plane,  and  the  lens  law  is  assumed  to  hold. 
The  lens  law  is  given  by  1/z,  +  1/z^  =  1//,  where 
is  the  object  distance,  z-  is  the  image  distance,  and /is 
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where  Uy^  (a^,  y„)  is  the  complex  amplitude  in  the  exit 
aperture  of  the  VCSEL  (the  object),  and  M  is  defined  as 
z/z^ .  Equation  (3)  can  be  interpreted  as  a  convolution 
between  the  VCSEL  image  according  to  geometric  optics 
and  the  same  function  as  in  (1).  Thus,  Eq.  (3)  is  an 
approximation  to  Eq.  (1),  if  (1)  is  restricted  to  the  image 
plane.  Equation  (3)  can  be  directly  compared  to  the  result 
derived  for  the  RCLED. 


5.  Theory  of  Spot- Array  Generation  with 
RCLEDs 

Unlike  the  VCSEL,  which  can  be  modeled  as  a 
monochromatic  source  whose  near-field  characteristics 
can  be  described  with  Fresnel  diffraction,  the  RCLED 
must  be  treated  in  a  different  manner.  Specifically,  it  can 
be  considered  as  an  extended  collection  of  independent 
radiators,  and  consequently,  it  can  be  modeled  as  a  nar¬ 
rowband  and  spatially  incoherent  field.  Within  the  theory 
of  partial  coherence  [2],  the  spatial  and  temporal-coher¬ 
ence  properties  of  a  general  electric  field  can  be  described 
with  a  mutual-coherence  function,  which  is  defined  as 


r,2(t)  =  (m(Fi,  i  +  x)M*(/’2.  0>,  (4) 

where  the  angle  brackets  refer  to  a  time  average.  The 
function  u  (Fp  0  is  called  the  analytic  signal  evaluated 
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at  point  Py  and  time  t,  and  it  is  not  the  same  as  the  com¬ 
plex  electric-field  amplitude  considered  previously  in  the 
monochromatic  case.  The  analytic  signal  can  be  defined 
for  a  monochromatic  field  and  a  nonmonochromatic  field. 
The  intensity  at  point  P^  is  related  to  the  mutual-coher¬ 
ence  function  by 

/i  (^i)  =  r„  (0) .  (5) 

For  propagation,  it  is  often  easier  to  use  the  Fourier 
transform  of  the  mutual-coherence  function,  known  as  the 
cross-spectral  density.  Using  this  approach,  and  after  some 
manipulation,  the  intensity  in  the  image  plane  of  the  phase 
FZP  can  be  expressed  as 


h  =  J I  J^KCc.  yp’  I*  y-, '  ^0'  ’  (6) 

0 

where  X)  is  the  intensity  spectrum  of  the 

RCLED.  Substituting  (2)  into  (6)  yields 
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For  a  fixed  wavelength  X,  (7)  is  a  convolution 
between  the  geometric  image  of  the  RCLED  and  a  func¬ 
tion  that  has  multiple  peaks.  This  means  that  the  RCLED 
image  is  widened  and  replicated  in  the  image  plane  of  the 
phase  FZP,  just  like  for  the  VCSEL  (cf.  Eq.  (3)).  On  the 
other  hand,  unlike  (3),  Eq.  (7)  is  a  convolution  between 
two  real  and  non-negative  functions,  instead  of  two  com¬ 
plex  functions.  This  means  that  if  the  peaks  of  the  squared 
impulse  response  in  (7)  are  spaced  close  enough  together, 
the  rectangular  region  will  tend  to  be  uniform  everywhere, 
even  between  the  spots.  When  the  two  functions  are  com¬ 
plex,  as  in  (3),  coherent  interference  will  lead  to  a  lack  of 
uniformity.  Thus,  the  lack  of  spatial  coherence  in  the 
RCLED  will  serve  to  smooth  the  image. 

For  other  wavelengths,  the  widened  images  are 
shifted,  where  the  maximum  shift  for  an  RCLED  of  band¬ 
width  AX  equals  mAXz/P^  along  x-  and  nAXz/P^ 
along  y. .  The  shift  is  larger  for  images  that  are  farther 
from  the  axis,  which  correspond  to  larger  values  of  m  and 
n.  Thus,  the  lack  of  temporal  coherence  in  the  RCLED 
also  plays  a  significant  role  in  smoothing  the  image. 


6.  Experimental  Results  with  VCSEL 
Illumination 

We  have  fabricated  the  two  elements  necessary  to 
shape  the  multimode  profile  from  a  980-nm  VCSEL 
with  a  24-|j,m  active-region  diameter  to  a  rectangular 
spot  array  approximately  200  pm  X  1240  pm.  The  total 
path  length  from  the  VCSEL  to  the  image  plane  is  about 
10  mm,  making  it  a  very  compact  system.  The  phase 
FZP  and  the  array  generator  were  fabricated  on  the  front 
and  back  side  of  a  quartz  wafer  of  thickness  500  pm. 
The  focal  length  of  the  phase  FZP  is  2405  pm.  Using 
Gaussian  beam  theory  as  an  approximation,  the  spot 
diameter  in  the  image  plane  equals  18  pm  for  a  14-pm 
emission  diameter.  The  zone  plate  was  fabricated  with 
four  levels  and  an  //#  of  about  unity  (diameter  = 
2500  pm),  leading  to  a  minimum  zone  width  of  approxi¬ 
mately  0.5  pm  for  the  outer  zone.  The  array  generator, 
designed  with  the  “even-orders-missing”  (EOM)  tech¬ 
nique  [3],  is  a  two-phase  element  with  a  minimum  fea¬ 
ture  size  of  0.5  pm.  The  fundamental  cell  has  a  period  of 
245  pm  in  each  direction,  which  determines  the  40-pm 
spot  separation  in  the  image  plane.  The  array  generator 
produces  a  6  X  32  spot  array  to  form  the  desired  rectan¬ 
gle.  Theoretically,  it  has  a  diffraction  efficiency  of  75% 
and  a  uniformity  deviation  of  0.3%  (the  uniformity  devi- 
ation  is  defined  as  +  , 

where  and  are  the  maximum  and  minimum 
diffraction  efficiencies  to  individual  spots).  In  the  fabri¬ 
cated  array  generator,  the  fundamental  cell  was  stepped 
41  times  in  each  direction,  making  it  about  1  cm  on  a 
side. 

Figure  2a  shows  an  image  captured  by  a  lensless 
CCD  camera  (Electrophysics  1370)  that  was  produced 
by  the  two-element  system.  The  VCSEL  was  biased 
below  threshold  to  prevent  complete  camera  saturation. 
The  uniformity  deviation  was  measured  to  be  8.8%  by 
using  the  captured  image  and  assigning  the  value  of  rj  to 


(a)  (b)  (c) 

Fig.  2  Images  produced  with  (a)  VCSEL  illumination 
(bias  =  2  mA),  (b)  RCLED  illumination  (bias  =  1  mA)  and 
(c)  RCLED  illumination  (bias  =1.5  mA). 
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each  spot  according  to  the  largest  intensity  value  within 
the  spot.  Upon  close  examination  of  this  image,  it  is  evi¬ 
dent  that  the  intensity  of  the  zero-order  beam  was  less 
than  any  of  the  spots  in  the  desired  array,  which  is  con¬ 
sistent  with  the  EOM  design  technique  that  theoretically 
eliminates  this  order.  The  zero-order  beam  is  very  sensi¬ 
tive  to  etch-depth  errors  in  particular.  The  overall  effi¬ 
ciency  of  the  total  optical  system,  for  a  VCSEL  biased 
above  threshold,  was  measured  to  be  52%  by  using  an 
aperture  to  block  light  outside  the  desired  rectangle.  The 
theoretical  maximum  overall  efficiency  of  this  system  is 
61%,  which  is  the  product  of  the  array-generator  theo¬ 
retical  diffraction  efficiency  (75%)  and  the  phase-FZP 
theoretical  diffraction  efficiency  (81%). 

7.  Experimental  Results  with  RCLED 
Illumination 

Similar  to  the  VCSEL  case,  the  two  elements  nec¬ 
essary  to  image  the  profile  from  an  RCLED  have  been 
fabricated  on  the  front  and  back  side  of  a  quartz  wafer. 
The  four-phase  FZP  is  very  similar  to  its  VCSEL  coun¬ 
terpart,  as  is  the  two-phase  array  generator,  only  here  the 
phase  FZP  has  a  focal  length  of  2480  pm  and  the  array 
generator  has  a  period  of  212  pm.  The  period  of  the 
array  generator  was  altered  to  maintain  the  40-pm  spac¬ 
ing  between  the  spots  for  the  850-nm  source.  The  theo¬ 
retical  diffraction  efficiency  and  uniformity  deviation  of 
the  array  generator  are  74%  and  0.6%,  respectively. 
Using  geometric  optics,  the  spot  diameter  in  the  image 
plane  is  37  pm  for  an  RCLED  with  a  30-pm  emitting 
aperture. 

Figures  2b  and  2c  show  two  images  captured  by  the 
lensless  CCD  camera  for  two  different  RCLED  bias 
conditions.  The  captured  images  appear  significantly 
different  than  those  produced  with  VCSEL  illumination. 
In  particular,  the  replicated  RCLED  images  are  not  dis¬ 
tinguishable,  and  the  rectangular  region  appears  very 
uniform  throughout  due  to  the  size  of  the  magnified  spot 
and  also  due  to  temporal  and  spatial-coherence  effects. 
In  fact,  for  this  case  it  is  necessary  to  compute  a  point- 
to-point  uniformity  deviation  instead  of  a  spot-to-spot 
uniformity  deviation,  as  was  done  for  the  VCSEL.  For 
Fig.  2b,  where  the  camera  did  not  saturate,  and  ignoring 
edge  regions,  the  uniformity  deviation  was  9.3%.  The 
overall  efficiency  was  measured  to  be  3.4%,  which  is 
low  due  the  small  fraction  of  the  incident  light  captured 
by  the  phase  FZR  Assuming  a  Lambertian  source,  the 
maximum  overall  efficiency  is  given  by  the  squared 
numerical  aperture  of  the  phase  FZP  (7.2%)  multiplied 
by  the  maximum  diffraction  efficiency  of  the  cascaded 
DOES  (60%),  which  equals  4.3%.  It  is  evident  from 
Fig.  2  that  very  little  of  the  zero-order  beam  was  present 
in  the  image,  as  desired.  Fig.  3  shows  part  of  a  magni- 


Fig.  3  Part  of  magnified  image  from  two-element  system 
with  RCLED  illumination. 

fied  image  produced  by  the  two-element  system  in 
which  the  individual  spots  were  partially  resolvable. 
The  image  was  magnified  by  increasing  the  ratio  of  z- 
to  ,  while  still  maintaining  focus  according  to  the  lens 
law.  Close  examination  of  this  image  indicates  that 
regions  of  very  low  intensity  were  not  present  between 
the  spots,  which  agrees  with  our  analysis  of  this  partially 
coherent  imaging  system. 
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Introduction:  in  an  electronic  space  division  switch  matrix,  the  system  performance  at  high 
frequencies  is  subject  to  degradation  because  of  crosstalk  due  to  electromagnetic  coupling  in  adja¬ 
cent  signal  paths.  A  substantial  improvement  in  performance  can  be  obtained  if  the  incoming  sig¬ 
nals  were  optical  and  the  outgoing  electrical  with  optical  detectors  acting  as  the  cross  points  [1,2], 
As  the  incoming  paths  are  optical,  a  great  degree  of  immunity  to  crosstalk  can  be  gained,  and  the 
crosstalk  that  may  arise  in  the  outgoing  electrical  lines  could  be  reduced  by  proper  shielding  as 
the  adjacent  conductor  lines  are  no  longer  electrically  connected.  Such  switching  matrices  may 
also  be  applied  in  high  speed  analog  and  digital  signal  processing  applications  [3,4].  The  signal 
distribution  in  optoelectronic  switches  has  been  done  in  the  past  using  1:N  multimode  fibre  split¬ 
ters  and  butt-coupling  the  fibres  to  the  MSM  detectors  by  prealigning  the  fibres  in  etched  silicon 
V-groove  arrays.  Two  drawbacks  of  the  fibre  distribution  method  are  that  it  is  very  fragile  and 
handling  large  number  of  fibres  is  difficult  and  time-consuming.  Alternative  approaches  are  the 
use  of  integrated  waveguide  devices  for  power  division  or  free  space  interconnect.  A  3X3  free 
space  switch  prototype  using  three  discrete  lasers  has  been  previously  reported  [5].  In  this  paper  a 
modified  version  using  vertical  cavity  surface  emitting  lasers  (VCSEL’s)  driven  by  electrical 
inputs  is  described. 

Design  and  fabrication:  The  basic  design  of  the  optoelectronic  switch  is  shown  in  Fig.  1. 
The  switch  has  three  input  electrical  lines  (1,2,3)  which  can  be  switched  to  any  of  the  three  output 
electrical  lines  (A,B,C).  The  incoming  signals  excite  a  VCSEL  array  which  generates  three  light 
beams  at  850  nm.  The  light  is  collimated  and  split  three  ways  by  a  lens-grating  arrangement  [5]. 
In  order  to  split  the  light  three  ways  we  have  fabricated  1:3  Damman  binary  gratings  [6]  on  a 

quartz  substrate.  The  grating  period  is  20  jim  and  the  etch  depth  is  0.924  \X.m  giving  a  1:3  equal 
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intensity  split  with  67%  efficiency  at  850  nm.  On  the  backside  of  the  quartz  substrate  we  have  dis¬ 
pensed  polymer  microlenses  at  250  |lm  centres  using  a  patented  technique  [7]. 


Fig.l 

The  three  collimated  beams  are  split  in  the  vertical  direction  by  the  Damman  grating  and  at  a  dis¬ 
tance  of  6  mm  from  the  grating  the  separation  between  the  0  and  ±  1  diffraction  orders  reaches 

250  |J,m  .  Thus  there  are  nine  spots  of  equal  intensity  in  a  3X3  matrix  separated  by  250  \im  in 
each  direction.  A  camera  image  of  the  optical  distribution  at  the  detector  plane  is  shown  in  Fig.  2. 
A  3X3  metal-semiconductor-metal  (MSM)  array  with  detectors  at  the  same  spacing  is  placed  at 
this  plane  and  the  detected  signals  are  summed  horizontally  to  complete  the  optoelectronic 


switch. 


DMD4-3  /  77 


Image  of  the  Optical  Distribution  at  the  Detector  Plane 


Fig.  2 

Experimental  Measurements  and  Discussion:  DC  cross  talk  measurements  on  the 
detectors  were  done  by  illuminating  one  column  of  the  detectors  and  measuring  the  detected  cur¬ 
rent  in  the  detectors  of  the  neighbouring  columns.  This  procedure  was  repeated  for  each  of  the 
columns,  and  the  average  crosstalk  was  found  to  be  -38.  IdB.  A  crosstalk  of  -38. 1  dB  indicates 
that  the  switch  is  well-suited  for  digital  switching  applications.  The  on-off  contrast  measurements 
was  also  done  on  the  detectors  by  switching  the  MSM  detectors  ON  and  noting  the  current  and 
then  repeating  the  same  by  grounding  both  ends  of  the  detector.  The  ON-OFF  contrast  was  found 
to  be  -37.7  dB.  A  better  contrast  is  easily  achieved  by  precision  biasing  the  off-state  so  that  the 
current  goes  to  zero.  This  has  been  experimentally  verified  by  biasing  one  of  the  detectors  to  17.6 
mV.  The  contrast  then  obtained  was  -69.5  dB. 


Conclusion:  A  VCSEL  driven  3X3  optoelectronic  switch  with  electrical  input/output  has  been 
designed  and  fabricated  using  free  space  optical  distribution.  The  crosstalk  is  around  -38.1  dB  and 
the  ON-OFF  contrast  around  -69.5  dB.  The  diffraction  grating  dispensed  micro-lens  assembly  is  a 
highly  compact  device  and  could  easily  be  mass  produced.  The  main  critical  issue  to  be  dealt  here 
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is  the  proper  alignment  of  the  various  components.  This  could  be  achieved  with  a  suitable  preci¬ 
sion  housing  which  could  also  be  mass  produced. 
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Introduction 

The  melding  of  silicon  electronic  process¬ 
ing  circuits  with  GaAs  quantum  well  optical 
modulators  and  receivers  provides  the  oppor¬ 
tunity  to  significandy  increase  system  commu¬ 
nication  throughput  by  virtue  of  integrated 
high-speed,  free-space,  optical  channels  as 
demonstrated  in  a  recent  experiment^  A  sec¬ 
ond  accomplishment  of  this  experiment,  the 
mounting  of  the  optical  platform  in  an  elec¬ 
tronics  cabinet,  illustrates  the  progress  toward 
adapting  the  optical  infrastructure  to  more  tra¬ 
ditional  packaging  schemes.  The  challenge  of 
blending  opto-electronic  techniques  into  con¬ 
temporary  electronic  architectures  lies  in  fur¬ 
ther  reducing  the  opto-mechanical  system 
volume  and  cost. 

Although  several  system  demonstrators 
have  employed  standard  refractive  lenses  (fig¬ 
ure  la),  these  optics  typically  have  a  physical 
size  that  is  much  greater  than  the  opto-elec¬ 
tronic  chip,  while  the  longitudinal  dimension 
of  the  system  expands  as  the  imaged  area  is 
increased.  The  demanding  requirements  on 
spot  quality,  low  field  distortion  and  precision 
alignment  discourage  significant  cost  reduc¬ 
tions  except  through  possible  large  manufac¬ 
turing  volumes. 

One  alternative  optical  architecture  is  based 
on  defining  individual  optical  microchannels^ 
between  each  transmitter  and  receiver  (figure 
lb).  Typically,  each  channel  utilizes  a  micro¬ 
lens  to  collimate  and  relay  a  gaussian  beam  to 
a  secondary  microlens  that  would  refocus  the 
beam.  Such  a  space-variant  configuration 
allows  great  flexibility  in  creating  general 
interconnections.  The  primary  consideration  in 


this  scheme  is  the  density  of  optical  channels 
that  limit  the  size  of  the  microlenses  and  thus 
the  maximum  range  that  the  beam  can  be 
relayed.  Unfortunately,  a  packing  density  of 
several  tens  of  channels  per  square  millimeter 
would  nominally  limit  the  interconnection 
range  to  a  few  millimeters. 


Figure  1.  Optical  frameworks:  a)  refractive  system, 
b)  microcharmel  system,  c)  proposed  diffractive  system. 

The  approach  presented  here  (figure  Ic), 
grounded  in  the  microchannel  architecture, 
provides  extended  interconnection  ranges  and 
partitions  the  optical  framework  in  a  manner 
that  allows  expansion  to  very  large  opto-elec¬ 
tronic  chips.  In  addition,  domains  of  low  chro¬ 
matic  sensitivity  provide  operation  over  a 
remarkably  large  wavelength  range. 
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New  Optical  Framework 

The  proposed  optical  structure  is  a  three 
lens  gaussian  beam  relay  constructed  explicitly 
of  diffractive  lenses  as  illustrated  in  figure  2. 
The  slow  relay  lens  is  shared  by  a  2-dimen¬ 
sional  group  of  faster  microlenses  that  gener¬ 
ate  collimated  gaussian  beams.  Each  microlens 
is  designed  to  create  a  geometric  focus  at  the 
center  of  the  relay  lens  thereby  reducing  the 
speed  of  the  relay  lens  and  also  enclosing  the 
lateral  extent  of  the  system  within  the  bounds 
of  the  emitting/receiving  area.  The  purpose  of 
the  relay  lens  is  to  form  a  2f-2f  relay  system 
that  images  the  apertures  of  one  microlens 
array  to  a  secondary  set. 

The  primary  advantages  of  this  diffractive 
optical  relay  framework  are: 

•  the  effective  range  of  the  channel  is  extended 
several  fold  over  that  of  the  simple  micro- 
channel  system, 

•  larger  opto-electronic  chips  can  be  laterally 
partitioned  into  many  groups  of  relays  thus 
leading  to  great  extensibility,  and. 


•  by  using  diffractive  elements,  the  lenses  can 
be  microlithographically  defined  resulting  in 
precision  alignment  and  uniformly  well 
determined  focal  lengths. 


There  are  two  issues  that  should  be  exam¬ 
ined  whenever  diffractive  components  pre¬ 
dominate  in  a  system.  First  is  the  subject  of  the 
highly  chromatic  nature  of  diffractive  elements 
and  how  this  influences  operation^.  The  sec¬ 
ond  is  the  question  of  diffraction  efficiency. 


The  chromatic  properties  of  the  system  can 
be  examined  by  noticing  that  a  ray  emitted  at 
the  source  will  have  a  calculated  lateral  offset 
at  the  image  plane  equal  to. 


8/-  M. 


bX  2 


(2;c-l)^ 

where  f  is  the  focal  length  of  the  microlens,  x 
is  the  ratio  of  the  focal  lengths  of  the  relay  lens 
to  the  microlens,  uq  is  the  initial  ray  slope,  and 
X  is  the  operating  wavelength.  By  using  a 


Figure  2.  Raytrace  of  proposed  optical  framework.  An 
array  of  diffractive  microlenses  directs  collimated 
gaussian  beams  to  a  slower  relay  lens  that  images  the 
waists  onto  a  second  microlenses  array.  Geometric 
traces  are  shown  as  dashed  lines. 

small  beams  (i.e.  ffuQ  small),  the  chromatic 
sensitivity  is  minimized.  Also,  the  appearance 
of  X/bX  as  a  third  order  dependence  indicates 
that  conditions  exist  where  three  wavelengths 
will  be  properly  focused  and  thus  the  potential 
for  a  flat  spectral  response  region.  These  pre¬ 
dictions  have  been  verified  in  a  more  rigorous 
gaussian  beam  simulation. 

The  reduced  chromatic  sensitivity  for  this 
framework  is  achieved  for  relatively  short 
focal  length  microlenses.  This  is  illustrated  by 
the  beam  size  plots  in  figure  3  where  the  sys¬ 
tem  was  simulated  with  gaussian  optics  in 
Mathematical^  and  verified  using  CodeV^^. 
The  simulated  results  assume  two  340  pm 
focal  length  microlens  arrays  and  a  11,000  pm 
focal  length  relay  lens  operating  at  850nm.  A 
5pm  gaussian  waist  diameter  is  used  as  the 
source.  The  solid  curve  shows  that  the  final 
spot  size  never  grows  larger  than  twice  its  opti¬ 
mal  size  (5pm  diameter)  over  a  200nm  wave¬ 
length  range.  The  dashed  curve  shows  the 
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Figure  3.  Beam  size  at  entrance  to  second  microlens  (dashed)  and  final  image  size  (solid)  normalized  to  design 
wavelength  operation.  Normalizations  are  75  and  5  jam  diameters  respectively  at  850nm. 


normalized  beam  size  at  the  entrance  to  the 
final  microlens.  Whenever  the  beam  is  smaller 
than  this  aperture,  there  is  less  concern  of  cou¬ 
pling  light  into  neighboring  channels. 

It  should  be  noted  that  the  spot  size  at  the 
image  plane  is  not  the  only  chromatic  effect. 
For  example,  wavelengths  shifts  lead  to  beam 
expansion  at  the  relay  lens  and  small  to  moder¬ 
ate  beam  steering  for  sources'  that  are  offset 
from  the  relay  lens  optical  axis.  Therefore  ini¬ 
tial  designs  should  provide  suitably  larger 
apertures  than  are  required  at  the  optimal 
wavelength.  Fortunately,  almost  all  moderate 
size  wavelength  shifts  result  in  a  smaller  beam 
size  at  the  receiver  microlens. 

The  light  coupled  between  transmitter  and 
receiver  will  be  reduced  by  the  product  of  dif¬ 
fraction  efficiencies  of  the  lenses.  Clearly  the 
fast  microlenses  will  account  for  the  most  seri¬ 
ous  power  loss.  Assuming  efficiencies  as  low 
as  75%  of  for  each  microlens  and  90%  for  the 
relay  lens  still  provides  50%  coupling  for  a 
single  pass.  It  is  therefore  advantageous  to 


consider  vertical  cavity  surface  emitting  lasers 
(VCSELs)  rather  than  modulators  which 
would  require  a  double  pass  through  the 
optics.  A  further  consideration  is  how  the 
uncoupled  light  might  lead  to  cross  talk 
between  optical  channels.  This  last  issue  will 
be  examined  more  rigorously  in  a  future  exper¬ 
iment  that  incorporates  this  optical  framework. 

As  configured,  the  system  is  able  to  perform 
operations  equivalent  to  a  typical  singlet  lens 
system,  such  as  magnification.  Thus  modules 
can  be  constructed  to  create  perfect  shuffle 
interconnections  and  space-invariant  intercon¬ 
nections. 

Demonstration 

An  experiment  was  assembled  from  avail¬ 
able  diffractive  optic  elements  to  demonstrate 
the  imaging  and  chromatic  properties  of  the 
proposed  optical  system.  The  coUimating 
microlenses  were  part  of  two  8-level  linear 
microlens  arrays  etched  into  fused  silica  hav¬ 
ing  a  focal  lengths  of  1051  pm  at  an  operating 
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wavelength  of  850  nm.  These  lenses  have  a 
circular  aperture  of  250  |Xm  with  centers  sepa¬ 
rated  by  250  |im.  The  first  microlens  was  used 
to  collimate  the  beam  emitted  from  a  single 
mode  fiber.  The  relay  lens  was  a  5mm  circular 
aperture  multilevel  diffractive  element  having 
a  35nim  focal  length  at  an  operating  wave¬ 
length  of  850nm  also  etched  into  fused  silica. 
A  Ti;Sapphire  laser  coupled  into  the  optical 
fiber  served  as  the  tunable  optical  source.  The 
tuning  range  was  limited  to  wavelengths  from 
790-880  nm. 


0.78  0.8  0.82  0.84  0.86  0.88 
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Figure  4.  Measured  and  simulated  beam  size  vs. 
wavelength  at  entrance  to  final  microlens. 

In  this  experiment,  the  optical  axes  of  all 
lenses  were  aligned  with  each  other  so  that  the 
beam  was  centered  with  each  lens.  Lenses 
were  positioned  for  operation  at  850nm.  Due 
to  the  limited  distance  between  the  surface  of 
the  final  microlens  and  the  image  point,  and 
the  recessed  sensing  region  in  the  slit  based 
beam  profiler,  it  was  necessary  to  reimage  and 
magnify  the  final  image  spot.  This  was  accom¬ 
plished  using  a  large  field  of  view  15.6mm 
focal  length  lens  and  a  50mm  achromatic  lens. 
The  image  measurements  have  been  scaled  to 
remove  the  magnification. 

Chromatic  effects  influencing  the  beam  size 
at  the  entrance  to  the  2nd  microlens  are  illus¬ 
trated  in  figure  4.  A  curve  predicted  by  the 
simulation  traces  the  measured  beam  size. 

The  beam  size  at  the  final  image  as  mea¬ 
sured  and  predicted  by  simulation  are  shown  in 


figure  5.  From  the  measurement,  it  can  be  seen 
that  the  image  size  changes  by  less  than  a  fac¬ 
tor  of  3  over  a  range  of  about  lOOnm. 
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Figure  5.  Measured  and  simulated  spot  size  vs. 
wavelength  at  image  plane  of  last  microlens. 

Summary 

The  extensibility  of  this  diffractive  optical 
architecture  is  well  suited  for  both  chip-to-chip 
and  backplane  optical  interconnections.  Addi¬ 
tionally,  the  low  chromatic  sensitivity  achieved 
suggest  that  either  reduced  wavelength  toler¬ 
ances  or  multiwavelength  channels  can  be  sup¬ 
ported. 
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Abstract 

The  effect  of  microstructured  profiles  on  electromagnetic  waves  is  the  basic  issue  of  diffractive  optics. 
These  profiles  represent  a  significant  extension  of  the  possibilities  to  realize  optical  functions.  Laser 
optics  is  of  special  importance  for  diffractive  optics.  In  this  paper  examples  of  the  use  of  diffractive 
elements  outside  and  inside  the  laser  resonator  are  given.  Theoretical  and  experimental  results  are 
presented. 


Introduction 

Diffractive  elements  (DE)  allow  the  manipulation  of  the  complex  amplitude  and  the  po¬ 
larization  of  an  electromagnetic  wave.  Moreover,  the  dispersion  caused  by  diffraction  may  be 
used.  In  the  paraxial  domain  of  diffractive  optics,  the  optical  effects  of  a  DE  always  include 
dispersion.  In  the  non-paraxial  domain,  also  the  polarization  is  typically  influenced.  Depend¬ 
ing  on  the  optical  function,  scalar  or/and  rigorous  electromagnetic  diffraction  theory  have  to 
be  used.  In  a  few  situations,  even  geometrical  optics  is  sufficient  to  caculate  the  structure  of 
a  DE. 

Applications  outside  the  laser  resonator 

Beam  splitting  is  of  interest,  not  only  in  optical  computing,  but  also  in  materials  processing. 
One  example  is  the  interconnection  between  high  power  Nd:YAG-Laser  and  a  fiber  bundle  [1]. 
The  optical  function  is  to  split  the  laser  beam  into  2-9  individual  beams.  The  constraints  are: 
(1)  a  uniformity  error  not  larger  than  about  ±5%,  (2)  a  diffraction  efficiency  higher  than  80  % 
with  as  few  quantization  levels  as  possible,  (3)  a  given  minimum  diffraction  angle  between 
orders,  and  (4)  a  splitting  ratio  which  is  independent  of  polarization.  Constraints  (1)  and  (2) 
can  be  satisfied  by  design  theory  and  suitable  grating  design  methods  known  in  the  paraxial 
domain  of  diffractive  optics  [2].  Due  to  constraint  (3),  the  limits  of  the  validity  of  scalar 
diffraction  theory  are  reached  for  higher  splitting  ratios  and  not  only  the  uniformity  error  may 
become  too  large  but  also  (4)  may  be  violated.  Therefore,  a  rigorous  diffraction  analysis  has 
to  be  performed.  The  actual  results  will  be  presented. 

Besides  diffraction  gratings  also  non-periodic  DEs  are  of  concern  in  laser  optics.  Paraxial 
beam  shaping  elements  are  of  special  interest.  Iterative  Fourier  transform  algorithms  (IFTA) 
may  be  used  to  design  very  general  beam  shaping  DEs  [3].  Here  the  initial  phase  is  crucial. 
Various  versions  with  different  features  may  be  chosen.  For  the  special  class  of  beam  shaping 
elements  transforming  a  super-Gaussian  beam  (separable  or  circular  symmetric  function  in  two 
dimensions)  into  another  super-Gaussian  beam  a  stationary  phase  approach  is  appropriate  to 
design  a  beam  shaping  element  with  continuous  profile.  In  this  case  the  IFTA  may  be  applied 
to  quantize  the  profile  without  causing  significant  errors.  Examples  will  illustrate  the  beam 
shaping  techniques. 
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Applications  inside  of  the  laser  resonator 

Leger  et  aL  have  introduced  the  use  of  diffractive  resonator  mirros  for  beam  shaping  inside 
the  resonator  [4].  This  step  may  be  understood  as  a  generalization  of  resonator  design  which 
offers  fascinating  new  features.  On  the  basis  of  this  work  the  use  of  the  IFTA  to  improve  the 
mode  shaping  quality  has  been  considered.  Several  DEs  have  been  designed  for  various  modes. 

The  mode  shaping  within  the  resonator  is  done  by  diffractive  phase  elements,  that  is  the 
mirros  work  in  the  paraxial  domain  and  only  the  phase  of  the  incident  light  wave  is  affected. 
Also  non-paraxial  diffractive  mirrors  are  of  interest  in  resonator  design  [5].  The  use  of  a 
diffraction  grating  working  in  autocoUimation  (zeroth  order  is  coupled  out)  has  been  used  to 
realize  a  1.444  /zm-Nd:YAG  laser  with  a  stable  resonator.  To  this  end,  a  copper  grating  has 
been  fabricated  by  optical  recording  and  Cu-galvanic  after  optimizing  the  height-to-period  ratio 
by  an  electromagnetic  diffraction  method  (integral  method  with  parametrization  of  grating 
profile  [6]).  The  dispersion  of  the  grating  has  been  used  to  suppress  the  strong  1.06  /xm-line 
of  the  Nd:YAG-slab.  Moreover,  a  similar  grating  has  been  introduced  to  realize  an  unstable 
resonator  for  1.06  /xm-Nd:YAGTaser.  To  this  end,  the  height  of  the  grating  has  been  modulated 
by  a  Gaussian  to  realize  an  apodization.  The  diffraction  losses  are  very  small  in  both  situations 
because  only  two  diffraction  orders  appear,  whereby  the  zeroth  order  is  used  as  the  outgoing 
laser  light. 
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Confocal  scanning  imaging  technique  is  attractive  for  various  microscopic  imaging 
applications  due  to  its  superior  resolution,  rejection  of  scattered  light,  and  depth  discrimination 
[1-3].  This  method  attracted  special  interest  in  such  applications  as  imaging  biological  and 
semiconductor  materials,  where  high  definition  in  both  the  transverse  and  longitudinal 
dimensions  is  required.  The  unique  property  of  the  depth  discrimination  enables  the  confocal 
microscope  to  measure  the  depth  image  of  a  3-D  object  by  moving  different  parts  of  the  object 
transversally  and  longitudinally  into  the  focal  region.  The  precision  of  the  depth  measurement 
depends  on  the  depth  Point-Spread-Function  (PSF)  of  the  confocal  imaging  system  as  well  as  the 
depth  resolution  of  the  depth  scanning  device.  To  achieve  high  depth  resolution,  most  of  the 
existing  confocal  imaging  systems  use  a  high  precision  and  very  stable  mechanical  scanning 
methods.  In  contrast,  chromatic  confocal  microscope  alleviates  the  requirement  of  the 
mechanical  depth  scanning  by  employing  a  broadband  light  source  (e.g.,  white  light  source)  and 
a  dispersive  objective  lens  for  wavelength-depth  coding  [2-4].  With  this  method  different 
spectral  components  of  the  source  are  focused  onto  different  depth  planes  of  the  object,  and  the 
measured  output  power  spectrum  is  directly  translated  into  the  depth  information  of  the  object. 
Furthermore,  the  chromatic  confocal  microscope  can  perform  parallel  depth  measurements  when 
the  output  power  spectrum  components  are  detected  and  analyzed  in  parallel. 

The  existing  chromatic  confocal  microscopes  suffer  from  technological  limitations  that 
need  to  be  resolved.  For  example,  commercially  available  microscope  objectives  are  designed  to 
compensate  for  chromatic  dispersion,  thereby  limiting  the  chromatic  microscope  scanning  range. 
In  addition,  the  dispersive  properties  of  microscope  objectives  depend  on  the  specific  design  and 
lens  material  characteristics,  thus  requiring  individual  calibration.  Finally,  the  dispersion  curve 
of  the  objective  is  usually  nonlinear  resulting  in  wavelength-dependent  sensitivity.  In  this 
manuscript,  we  resolve  these  technological  limitations  by  using  a  diffractive  optical  zone  plate 
for  wavelength-depth  coding  [5].  In  contrast  to  the  previous  designs  that  use  refractive  lenses, 
the  diffractive  element  provides  important  features  uniquely  suitable  for  this  application:  (i)  the 
dispersion  resulting  from  diffraction  phenomena  is,  in  general,  stronger  than  that  from  refraction 
providing  a  more  sensitive  wavelength-depth  coding;  (ii)  the  dispersion  from  the  diffractive 
element  can  be  characterized  analytically  allowing  for  derived  calibration  curves.  The  focal 
length  corresponding  to  the  first  diffraction  order  of  a  zone  plate  is  given  by 

where  is  the  center  wavelength  for  the  zone  plate  design,  /(A^)  is  the  focal  length  of  the  first 
diffractive  order  of  the  zone  plate  for  the  center  wavelength,  and  X  is  the  operating  wavelength. 
Notice  that  the  focal  length  vs.  wavelength  described  by  Eq.  1  depends  only  on  the  design  focal 
length  for  the  center  wavelength,  and  it  is  not  affected  by  the  material  properties  and  type  of  the 
zone  plate  (i.e.,  amplitude  or  phase).  Due  to  strong  diffractive  dispersion  effects,  a  diffractive 
optical  element  can  provide  a  desired  depth  scanning  range  for  a  narrower  spectral  bandwidth  of 
the  source.  Furthermore,  the  focal  length  vs.  wavelength  relation  can  be  approximated  by  a 
linear  curve  for  a  relatively  narrow  wavelength  scanning  range.  The  diffraction  efficiency  of  the 
element  is  determined  by  the  number  of  phase  quantization  levels  for  the  center  wavelength  and 
gradually  deteriorates  when  the  operating  wavelength  is  changed. 
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The  diffractive  optical  element  used  in  our  experiments  was  a  binary  phase  zone  plate 
designed  for  a  focal  length  of  250  mm  at  a  center  wavelength  of  800  nm.  A  quartz  wafer  was 
first  patterned  using  E-beam  lithography,  and  subsequently,  chemically  etched  in  a  Hydrofluoric 
(HF)  acid  bath.  The  measured  diffraction  efficiency  of  the  first  diffraction  order  was  about  40%. 
From  Eq.  1,  the  focal  length  for  the  first  diffraction  order  of  the  zone  plate  is  given  by 

2x10^ 

/(^U,  =  1 - “  470.59  -  0.277A,..,,  (2) 

where  a  Taylor  expansion  is  used  to  obtain  the  approximate  result  with  the  last  term 
corresponding  to  the  linear  approximation  for  a  narrow  spectral  bandwidth  of  our  laser  source  at 
850  nm.  We  experimentally  measured  the  focal  length  of  the  zone  plate  over  a  total  spectral 
range  of  150  nm.  The  measured  focal  length  dependence  on  the  wavelength  exactly  followed 
Eq.  2,  and  the  total  focal  length  change  covered  a  range  of  about  42  mm.  The  total  focal  length 
change  corresponds  to  about  16.8%  of  the  designed  focal  length.  Such  a  large  scanning  range  in 
depth  has  not  be  achieved  using  refractive  elements. 

The  experimental  setup  depicted  in  Fig.  1  is  a  confocal  microscope  system  combined 
with  a  diffractive  optical  zone  plate  to  introduce  chromatic  dispersion.  A  light  beam  from  a 
tunable  Ti:sapphire  laser  source  (X=775  to  925  nm)  is  spatially  filtered,  expanded,  and 
collimated.  The  collimation  of  the  beam  alleviates  the  requirement  of  using  an  identical  optical 
setup  for  illumination  and  detection.  After  passing  through  the  beam  splitter,  the  light  beam  was 
focused  by  the  diffractive  optical  zone  plate.  The  depth  position  of  this  focal  point  is  determined 
by  the  operating  wavelength.  For  a  tuning  range  of  150  nm,  the  focal  length  of  the  zone  plate 
varies  by  42  mm.  The  wave  transmitted  through  the  diffractive  element  is  introduced  into  a 
telecentric  imaging  system  composed  of  a  lens  with  a  focal  length  of  100  mm  and  a  40X 
microscope  objective  with  a  focal  length  of  4.5  mm.  The  telecentric  setup  is  used  to  demagnify 
and  image  the  focal  point  of  the  zone  plate  into  the  focal  plane  of  the  microscope  objective. 
Again,  the  position  of  the  focal  plane  is  determined  by  the  wavelength  of  the  source.  The 
demagnification  process  combined  with  wavelength  tuning  enables  a  fine  change  of  the  focal 
plane  in  depth,  which  can  be  characterized  by  the  definition  of  the  wavelength-to-position 
mapping.  A  sample  introduced  in  the  focal  plane  of  the  objective  lens  will  reflect  the  optical 
wave  back  through  the  telecentric  imaging  system.  After  passing  through  the  diffractive  zone 
plate,  the  resultant  collimated  diffracted  beam  is  redirected  by  the  beam  splitter  and  focused  onto 
the  pinhole-detector  assembly  of  the  confocal  microscope.  The  higher  order  diffraction  beams 
are  focused  onto  different  planes  in  the  longitudinal  direction  and  are  significantly  attenuated  by 
the  pinhole.  To  compare  our  system  to  the  conventional  confocal  microscope,  we  performed 
mechanical  depth  scanning  by  employing  a  piezoelectric  micropositioner  assembly  (PI  Physik 
Instrumente,  PZ54  E-180)  used  for  mounting  the  microscope  objective.  The  micropositioner  is 
capable  of  a  100  pm  expansion  for  mechanical  depth  scanning  with  0.01  pm  resolution. 

For  system  characterization,  we  experimentally  measured  the  wavelength-to-depth 
mapping  and  the  depth  PSF.  The  measurement  result  (see  Fig.  2a)  of  wavelength-to-position 
mapping  shows,  as  predicted,  a  highly  linear  relation,  with  a  constant  sensitivity  over  a  broad 
wavelength  range.  A  linear  curve  fit  of  the  experimental  data  gives  the  wavelength-to-position 
mapping, 

‘'(^)m=(-0-568)A,_, +476.79,  (3) 

where  d  is  the  deviation  of  the  focal  point,  at  wavelength  X,  from  the  focal  length  obtained  at  the 
center  wavelength  of  850  nm.  A  wavelength  tuning  of  100  nm  is  used  to  achieve  an  axial 
position  change  of  58  pm.  The  deviation  from  the  linear  fit  is  ±0.15  pm  corresponding  to  0.5% 
of  the  entire  depth  position  range,  which  is  better  than  that  obtained  from  measurement  of  the 
diffractive  zone  plate  alone.  This  may  occur  due  to  the  chromatic  dispersion  compensation 
between  the  diffractive  element  and  the  refractive  microscope  objective.  We  used  the 
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magnification  of  the  telecentric  imaging  system  to  verify  the  result  above.  The  magnification  of 
a  telecentric  imaging  system  is  equal  to  the  ratio  of  the  focal  lengths  of  the  lenses  employed. 
Alternatively,  the  longitudinal  magnification  is  a  square  of  the  transverse  magnification. 
Therefore,  the  transverse  magnification  M  of  the  telecentric  imaging  system  can  be  calculated 
from  our  experimental  results  by  taking  the  square  root  of  the  ratio  between  the  linear 
coefficients  in  equations  (2)  and  (3) 


M  = 


0.277x10^  F 

0.568  ■  ■ 


(4) 


where  F  and  fMO  are  the  focal  lengths  of  the  lens  and  the  microscope  objective,  respectively. 
This  result  is  consistent  with  the  data  provided  by  the  manufacturer  (Oriel  Corporation,  40X 
microscope  objective  f=  4.5  mm  and  the  second  lens  F=100  mm,  resulting  M=22.2).  Figure  2b 
shows  the  measurement  result  of  the  longitudinal  point  spread  function  from  the  chromatic 
confocal  system.  We  estimated  a  Full  Width  Half  Maximum  (FWHM)  of  AX?:4.49  nm  that 
corresponds  to  Ad=2.55  ^.m  in  depth.  This  value  is  approximately  equal  to  the  measured  FWHM 
value  of  point  spread  function  (Ad=2.56  ^m)  using  the  piezoelectric  micropositioner  assembly  in 
a  conventional  confocal  system  arrangement.  Figure  3  depicts  the  measured  profile  of  an 
experimental  sample  using  both  the  chromatic  (see  Fig.  3b)  and  the  conventional  (see  Fig.  3a) 
confocal  microscope.  The  sample  is  a  binary  grating  coated  with  a  20  nm  thin  film  of  gold  to 
provide  higher  reflectivity.  From  the  measured  data,  we  estimate  that  the  chromatic  confocal 
method  provides  a  grating  depth  of  8.47  pm,  while  the  conventional  method  provides  a  grating 
depth  of  8.44  pm.  The  two  resultant  profiles  are  found  to  be  in  good  agreement. 


In  conclusion,  we  demonstrate  a  chromatic  confocal  microscope  that  uses  a  diffractive 
zone  plate  for  wavelength-depth  encoding  and  non-mechanical  depth  scanning.  Our  method 
provides  such  advantages  as  nonmechanical  depth  scanning,  high  linearity,  and  high  sensitivity 
in  wavelength-to-depth  mapping.  The  chromatic  confocal  microscope  was  characterized  in  terms 
of  the  measured  depth  PSF  and  the  wavelength-to-depth  mapping  curves.  Finally,  a  sample 
profile  was  measured  experimentally  and  the  results  were  found  in  good  agreement  with  these 
obtained  with  conventional  confocal  microscope.  In  the  future  we  intend  to  use  multi-phase 
level  diffractive  element  for  better  efficiency,  incorporate  an  eletro-optic  wavelength  scanner  for 
high  speed  depth  scanning,  and  use  broadband  source  and  multiple  detectors  for  parallel 
measurements. 
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Fig.  1  Schematic  diagram  of  a  chromatic  confocal  microscope  with  a  diffractive  optical  element 


(a)  (b) 

Fig.  2  Experimental  results  of  system  characterization:  (a)  wavelength-to-depth  mapping 
(b)  longitudinal  point  spread  function 


Position  Movement  Wavelength  Tuning 


Fig.  3  Experimental  result  of  measuring  a  binary  grating  profile:  (a)  conventional  confocal 
microscope  and  (b)  chromatic  confocal  microscope. 
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1 .  Introduction 

Remote  detection  and  monitoring  of  scenes,  objects,  and  materials  in  selective  spectral  bands  is  an  increasingly 
Important  field  with  many  applications,  A  variety  of  optical  filtering  concepts  have  been  suggested  for  the 
sensors  used  for  this  purpose,  ranging  from  fixed  dielectric  filters  and  rotating  filter  wheels  to  more  advanced 
techniques  based  on  acousto-optical  gratings  and  interferometric  devices  (Fabry-Perot  and  Michelson).  These 
latter  methods  (acousto-optic  and  interferometric)  have  been  demon strated(  1,2)  and  have  shown  the  value  pro¬ 
vided  by  tunability  and  spectral  agility  in  the  optical  filter.  More  recently,  methods  based  on  diffractive  optics 
have  been  proposed  for  tunable  spectral  filtering.  Specifically,  the  large  degree  of  longitudinal  dispersion  in  a 
diffractive  element  has  been  exploited  both  by  Hinnrichs  and  Morris(3)  and  by  the  authors(4), 

Hinnrichs  and  Morris  use  a  single  diffractive  Fresnel  phase  lens  to  disperse  the  image  of  a  scene  along  the 
longitudinal  axis  and  sample  it  with  a  two-dimensional  detector  array.  By  changing  the  separation  between  the 
lens  and  the  detector  array,  one  can  select  the  wavelength,  or  narrow  band  of  wavelengths,  which  is  in  sharp 
focus,  and  thus  obtain  a  tunable  spectral  sensor.  At  a  given  separation,  all  out-of-band  wavelengths  are  defo- 
cused  and  detected  as  a  essentially  structureless  background.  Signal  processing  techniques,  such  as  frame 
differencing,  can  be  used  to  remove  the  background  and  provide  a  two-dimensional  map  of  the  scene  in  the 
selected  narrow  waveband.  Because  focal  length  varies  with  wavelength  in  this  method,  it  is  clear  that  magni¬ 
fication  of  the  scene  also  varies  and  must  be  compensated  in  the  signal  processing.  Further,  since  only  a  single 
diffractive  element  is  used,  field-of-view  is  limited  by  off-axis  aberrations  (coma  and  astigmatism).  Intuitively, 
one  expects  this  method  to  work  well  for  detecting  point  objects  and  edges  in  relatively  uncluttered  backgrounds 
but  that  it’s  performance  would  be  limited  in  forming  high  quality  spectral  images  of  extended  cluttered  scenes 
and  objects  subtending  wide  angles. 

Here,  we  describe  an  alternative  method  for  a  spectrally  agile  filter  based  on  diffractive  optics  which  provides 
high  quality  spectral  imagery  directly  and  which  performs  well  in  highly  cluttered  scenes.  There  are  two  com¬ 
plementary  forms  of  the  approach:  one  provides  conventional  spectral  bandpass  filtering  in  the  sense  described 
above,  while  the  other  provides  notch  rejection  filtering  and  is  useful  in  rejecting  specific  wavelengths  from  the 
image,  produced,  for  example,  by  laser  jamming.  We  describe  the  concept  in  both  forms  in  the  next  section  and 
give  an  example  in  Section  3. 

2.  Description  of  Concept 

Our  concept  makes  use  of  hybrid  optics  consisting  of  highly  dispersive  diffractive  elements  and  conventional 
elements  (refractive  lenses  and  reflective  mirrors).  In  conventional  broadband  imaging  applications  diffractive 
optical  elements  with  significant  amounts  of  optical  power  are  generally  used  in  pairs  due  to  their  highly  dis¬ 
persive  nature,  with  the  second  one  used  to  compensate  for  the  chromatic  aberration  of  the  first.  We  have 
generalized  this  idea  to  implement  our  approach. 


Figure  1  illustrates  the  concept’s  three  major  components  for  a  single  axial  field  point.  A  foreoptics  module  that 
includes  a  diffractive  element  is  used  to  form  an  intermediate  image  of  the  scene  that  is  spread  longitudinally  in 
wavelength  along  the  optical  axis.  A  relay  optical  module,  which  also  includes  a  diffractive  element,  recombines 
the  longitudinally  spread  images  and  reimages  them  achromatically  onto  a  detector  array.  The  third  component 
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consists  of  an  aperture  array  placed  in  the  intermediate  image  region  of  the  optical  train  where  the  scene  has  been 
dispersed  longitudinally,  and  by  translating  it  to  the  appropriate  position,  one  can  select  a  given  waveband  from 
the  scene  to  be  passed  (Fig.  lA)  to,  or  blocked  from  (Figure  IB),  the  detector  array  depending  on  the  nature  of 
the  aperture  array.  Spectral  filtering  is  thus  achieved  by  using  the  aperture  array  as  a  spatial  filter  in  the  image 
plane  of  the  fore-optics.  Only  one  aperture  in  the  array  is  shown  in  Fig.  1  for  clarity.  The  relay  optical  module 
maps  the  aperture  array  one-to-one  onto  the  elements  of  the  detector  array.  By  scanning  the  aperture  array  along 
the  longitudinal  axis,  a  tunable  filter  has  been  created.  The  length  of  the  longitudinal  scan  is  related  to  the  filter’s 
bandwidth  as  measured,  for  example,  by  the  full-width-at-half-maximum.  Although  this  concept  is  not  a  solid 
state  device,  it  requires  only  a  one-dimensional  translation  of  a  substrate  containing  the  aperture  array  through  a 
few  millimeters  to  achieve  good  bandwidths  over  a  wide  spectral  band  and  thus  is  capable  of  fast  response  time. 

Best  performance  for  the  notch  rejection  form  is  obtained  by  actually  using  a  third  stage  at  the  front  of  the  system 
shown  in  Figure  IB.  This  stage  consists  of  a  chromatically  well-corrected  imaging  optic  with  an  array  of  pinhole 
aperture  to  sample  the  image.  This  sampled  image  is  then  passed  to  the  system  shown  in  Figure  IB,  again  with 
pinhole  mapped  to  blocking  aperture  mapped  to  detector  element.  The  use  of  this  addition  stage  greatly  reduces 
crosstalk  and  provides  superior  laser  rejection. 

Three  basic  optical  properties  must  be  fulfilled  for  the  actual  implementation  of  this  concept: 

1 .  Large  longitudinal  color  at  an  intermediate  image  plane 

2.  Relatively  constant  Airy  disc  size  with  wavelength  at  this  intermediate  image  plane 

3.  Telecentric  objective,  with  no  variation  in  magnification  with  color  (zero  lateral  color)  at  the  interme¬ 

diate  image  plane 


Example 
Filtered  Spectrum 


Example 

Emission  Spectrum 


Example 
Point  Source 
Filtered  Spectrum 


B.  Notch  Rejection  Form 


wavelength 

Fig.  1.  Conceptual  sketches  of  tunable  diffractive  optical  filter  in  two  forms. 
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By  introducing  a  large  amount  of  longitudinal  color  into  a  lens  system,  the  image  can  be  spread  out  longitudi¬ 
nally  in  wavelength  along  the  optical  axis.  The  zero  lateral  color  condition  in  conjunction  with  the  telecentric 
requirement  in  image  space,  means  all  images  in  the  waveband  are  of  identical  magnification  ,  or  size,  in  spite 
of  being  displaced  axially.  If  the  spots  (Airy  disc)  can  be  made  independent  of  wavelength,  one  can  use  a 
two-dimensional  spatial  filter  array  with  apertures  related  in  size  to  the  Airy  disc  to  select  a  given  waveband  at 
this  intermediate  image  plane.  The  longitudinal  wavelength  spread  of  a  diffractive  element  is  an  order  of  mag¬ 
nitude  greater  than  that  of  a  refractive  element,  making  the  spatial  filtering  feasible.  One  also  finds  for  a 
diffractive  element  used  at  infinite  conjugates  that  the  Airy  disc  size  is  independent  of  wavelength,  unlike  a 
refractive  element  in  which  it  is  a  nonlinear  function  of  wavelength. 

By  placing  the  diffractive  element  at  the  stop  of  a  lens  system  and  also  making  this  the  lens  system’s  focal  point 
(telecentric  condition),  we  satisfy  the  requirements  to  achieve  a  tunable  filter  using  a  spatial  filter.  By  being 
coincident  with  the  stop,  the  diffractive  element  will  introduce  no  lateral  color.  Figure  2  shows  an  off-axis  field 
point  for  the  foreoptics.  Following  the  spatial  filter  with  a  set  of  relay  optics  that  recombines  the  various  wave¬ 
bands  and  images  them  onto  the  focal  plane  array  completes  the  system.  The  relay  optics  maps  each  clear 
aperture  in  the  spatial  filter  array  onto  the  active  area  of  a  corresponding  detector.  We  can  avoid  the  requirement 
of  small  distortion  in  the  relay  optic  by  pre-distorting  the  aperture  distribution  in  the  spatial  filter,  thus  keeping 
the  relay  optics  simple. 

3.  Example 

We  have  done  optical  designs  of  this  concept  for  wavebands  in  the  visible,  midwave  IR,  and  longwave  IR  and 
for  both  bandpass  and  notch  rejection  forms.  A  design  of  a  prototype  bandpass  system  for  use  in  the  visible 
waveband  is  shown  in  Figure  3.  This  design  is  made  up  of  spherical  elements  using  standard  optical  glasses. 
The  parameters  for  this  design  are  listed  in  Table  1.  We  calculated  the  system’s  transmission  function,  and  an 
example  for  the  system  tuned  to  580  nm  is  shown  in  Figure  4.  The  out-of-band  spectral  transmittance,  represent¬ 
ing  leakage,  approaches  the  area  fill  factor  of  the  transmitting  aperture  for  wavelengths  which  are  far 
out-of-band.  The  width  of  the  spectral  transmission  function  is  related  to  the  design’s  longitudinal  waveband 
spread  at  the  transmitting  aperture  array  and  the  transmitting  aperture  fill  factor.  These  parameters  can  be 
adjusted  to  give  the  desired  ratio  of  out-of-band  energy  to  inband  energy  at  the  image  plane  detector.  As  an 
example,the  system  gives  a  passband  from  566  nm  to  601  nm  (see  Fig.  4)  over  a  total  band  from  486-656  nm. 
The  ratio  of  inband  to  out-of-band  energy  is  5.40.  The  inband  transmittance  compared  to  the  ideal  rectangle 
function  is  0.56.  In  practice,  there  is  always  some  variation  of  blur  diameter  with  wavelength  in  a  hybrid  system, 
leading  to  some  variation  in  the  filter’s  spectral  bandpass  characteristics  with  center  wavelength  as  shown  in 
Figure  5.  There  is  sufficient  freedom  in  the  design  parameters  to  account  for  this  in  most  system  requirements. 

4.  Summary 

A  multispectral  imaging  tunable  filter  concept  making  use  of  diffractive  optics  is  presented  as  viable  option  to 
such  applications  as  remote  sensing.  A  simple  spatial  filtering  technique  is  used  which  allows  for  fields  of  view 
of  over  20  degrees,  high  system  transmittance  (50-90%),  fast  modulation  capability  (~  milliseconds),  low  power, 
and  wavelength  independence  (using  appropriate  optical  and  detector  materials). 
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Table  1 


spatial  filter 

diffractive 


Fig.  2.  Foreoptics  for  an  ofFaxis  point  and 
telecentric  condition. 


PROTOTYPE  OPTICAL  SYSTEM  PARAMETERS 

FIELD  OF  VIEW 

20  degs 

WAVEBAND 

656-486  nm 

SCAN  LENGTH 

2.5  mm 

ENTRANCE  PUPIL  DIAMETER 

15  mm 

IMAGE  SPACE  F/# 

1.5 

IMAGE  SIZE 

8  mm  X  8mm 

IMAGE  PIXEL  FILL  FACTOR  (area) 

30% 

IMAGE  PIXELS 

700  X  700 

TRANSMITTING  ARRAY  SIZE 

30  mm 

TRANSMITTING  APERTURE 

FILL  FACTOR  (area) 

9% 

Diffractive  Diffractive 


520  530  540  550  560  570  580  590  600  610  620  630  640 
WAVELENGTH  (nm) 

TRANSMITTING  APERTURE 
FILL  FACTOR  (area) 

Fig.  4,  Aperture  array  transmission  function 


Fig.  5.  Aperture  array  transmission  versus  center 
wavelength. 
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Introduction 

A  variety  of  optical  systems  utilize  F-0  lenses  to  focus  a  scanned  laser  beam  to  a  small 
spot.  Typical  applications  include  laser  printing  and  laser  machining.  Since  scan  lenses 
usually  operate  at  discrete  laser  wavelengths,  diffractive  optical  components  can  be 
incorporated  into  these  designs  without  the  efficiency  losses  normally  associated  with 
broadband  appUcations.  This  paper  will  examine  the  use  of  diffractive  optical  elements  in 
F-0  scan  lens  design.  A  discussion  of  some  basic  design  principles  is  provided.  This  is 
followed  by  a  coBoparison  between  a  refractive  system  and  a  hybrid  system  which 
illustrates  how  diffractive  optics  can  significantly  enhance  the  performance  of  F-0  scan 
lenses. 

F-  0  Lens  Design 

F-0  lenses  are  distinguished  from  many  other  types  of  lenses  in  that  they  possess  negative 
distortion  to  make  the  image  height  directly  proportional  to  the  field  angle.  This  allows 
for  a  linear  mapping  between  the  image  hei^t  and  the  angle  of  a  scanning  element,  which 
typically  consists  of  a  rotating  or  oscillating  mirror  element.  F-0  lenses  also  feature  an 
external  aperture  stop.  The  resulting  asymmetric  forms  make  it  difficult  to  correct 
transverse  chromatic  aberration  and  coma  but  aid  in  producing  the  required  distortion. 
Transverse  color  correction  is  critical  if  the  design  must  accommodate  the  spectral 
variabihty  exhibited  by  semiconductor  lasers.  An  appropriate  design  bandwidth,  which 
accounts  for  tenperature  related  fluctuations  as  well  as  manufacturing  variabihty,  is 
20  tim  Correction  of  coma  becomes  a  greater  issue  as  the  speed  of  the  scan  lens 
increases. 

The  use  of  diffractive  optics  in  F-0  scan  lens  design  has  been  previously  reported.  Ono 
and  Nishida*  discussed  the  use  of  a  holographically  recorded  F-0  lens  formed  from  the 
interference  pattern  of  two  spherical  waves.  This  type  of  design  lacks  the  flexibihty  of  a 
generalized  polynomial  phase  structure  which  is  now  available  in  the  form  of  a  surface 
rehef  diffractive  element.  Burrah  and  Morris^  reported  use  of  these  elements  as  they 
proposed  a  system  consisting  of  a  single  diffractive  element.  Their  design  is  free  of  3rd 
order  coma,  astigmatism,  and  Petzval  curvature,  but  its  large  track  length  reduces  its 
practicahty.  These  all-diffractive  systems  suffer  from  large  amounts  of  chromatic 
aberration  if  the  operating  wavelength  deviates  even  shghtly  from  the  design  wavelength. 
This  makes  their  utility  with  diode  laser  soiuces  troublesome  since  the  lasers  would  have 
to  be  screened  for  their  nominal  wavelength  as  well  as  temperature  controlled  during 
operation.  Stephenson^  pubUshed  an  article  which  discusses  some  of  the  advantages  of 
incorporating  diffractive  optics  into  various  scanning  systems.  He  notes  a  30%  increase  in 
resolution  obtained  for  a  graphics  arts  scanner  when  diffractive  optics  are  included  in  the 
design. 
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Refractive  versus  Hybrid  Designs 

The  exan^le  used  in  the  following  con^arison  is  a  laser  writing  system  designed  to 
operate  at  a  wavelength  of  780  nm  The  total  scan  length  is  chosen  to  be  220  mm,  \\4uch 
allows  for  coverage  of  a  standard  8.5”  x  1 1”  piece  of  paper.  Assuming  a  scan  range  of 
+/-  30  degrees,  the  focal  length  is  set  equal  to  210  mm  Both  the  refractive  and  the  hybrid 
systems  contain  two  elements  which  provide  enough  degrees  of  freedom  to  obtain  an 
optical  resolution  of  at  least  300  dpi.  Systems  which  utilize  polygonal  scanners  usually 
incorporate  anomorphic  optical  components  to  accommodate  mirror  wobble"*,  but  for 
simplicity  this  issue  is  not  addressed  in  this  example. 

The  refractive  system  shown  in  figure  1(a),  consists  of  a  negative-positive  lens 
combination.  The  design,  which  utilizes  a  high  index  (na  =  1.785)  flint  glass  for  both  lens 
elements,  provides  diffraction  limited  performance  (quarter- wave  criterion)  at  fr35.  The 
basic  form  is  similar  to  other  two  element  designs^’^’^  in  that  the  first  element  is  a  negative 
meniscus  lens,  and  the  second  element  is  a  positive,  nearly  plano-convex  lens.  Across  a 
20  nm  bandwidth  this  lens  exhibits  an  imacceptable  amoimt  of  transverse  chromatic 
aberration  as  the  maximum  spot  shift  is  approximately  equal  to  the  spot  size.  This  effect 
can  be  reduced  by  nearly  50%  if  a  lower  dispersion  crown  glass  is  used.  However,  the 
lower  refractive  index  nearly  doubles  the  wavefront  error.  A  third  lens  element  is  required 
to  provide  acceptable  chromatic  performance  while  maintaining  control  of  the 
monochromatic  aberrations. 

The  hybrid  system  shown  m  figure  1(b),  also  consists  of  a  negative-positive  lens 
combmation  with  a  positive  power  diffractive  surface  on  first  surface  of  the  second 
element.  Both  of  the  lens  elements  are  comprised  of  the  same  high  index  flint  glass  used  in 
the  refractive  lens,  which  allows  for  diffraction  limited  performance  at  fr22.  The 
diffractive  surface  provides  for  color  correction  over  a  20  nm  bandwidth,  as  weU  as  higher 
order  aspheric  correction,  and  conprises  approximately  10  %  of  the  total  power  of  the 
second  element.  The  minimum  diffractive  zone  spacing,  which  occurs  at  the  edge  of  the 
lens,  is  equal  to  12  waves.  This  can  be  readily  increased  by  manufacturing  the  surface  as  a 
MOD*’^  lens  structure  in  which  the  phase  steps  are  equal  to  m27t,  where  m  is  an  integer 
greater  than  unity. 


(a) 


Figure  1.  Two  element  f8  scan  lenses:  focal  length  =  210  mm,  scan  angle  =  +/- 30  degrees,  (a) 
refractive  design  operating  at  F/35.  (b)  hybrid  design  operating  at  F/22.  First  surface  of  second 
refractive  element  is  a  diffractive  surface. 
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Transverse  ray  aberration  plots  for  both  lenses  are  shown  below  in  Figs.  4  and  5.  All  of 
the  axes  are  drawn  to  the  same  scale  resulting  in  a  reduced  plot  width  for  the  refractive 
lens  due  to  the  larger  f-number.  The  plots  for  the  refractive  lens  reveal  that  the  design  is 
limited  by  coma,  and  a  20  nm  bandwidth  cannot  be  accommodated.  The  plots  for  the 
hybrid  lens  reveal  that  reasonable  color  correction  is  achieved,  and  spherical  aberration  is 
the  primary  remaining  aberration.  Note  that  distortion  does  not  show  up  in  these  ray  fans 
since  the  transverse  errors  are  relative  to  the  real  (not  paraxial)  chief  ray. 


Figure  4.  Ray  fan  plots  for  the  refractive 
design,  a,  b,  c  correspond  to  the  center,  mid 
and  full  fields,  respectively.  Horizontal  scale 
is  the  same  as  for  the  hybrid  lens  which  leads 
to  reduced  plot  width  due  to  the  larger 


Figure  5.  Ray  fan  plots  for  the  hybrid  design,  a, 
b,  c  correspond  to  the  center,  mid,  and  full 
fields,  respectively. 
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The  scan  linearity  is  often  expressed  as  a  percent  error.  This  quantity,  referred  to  as  the  F-0 
characteristic,  is  defined  as  [y(0)-F6]/[F0]  x  100%,  where  y(0)  is  the  real  chief  ray  image 
height.  Figure  6  shows  that  both  systems  exhibit  nearly  identical  behavior  since  they  were 
constrained  in  the  same  manner  during  the  optimization  process. 


Figure  6.  Scan  linearity  expressed  as  a  percent  enor  between  the  actual 
image  height  and  the  target  image  height. 


Summary 

The  comparison  between  the  refractive  and  the  hybrid  lenses  illustrates  the  substantial 
urprovements  that  can  be  obtained  if  diffractive  optical  surfaces  are  incorporated  into  the 
design  of  F-0  scan  lenses.  Adding  a  single  diffractive  surface  can  drastically  increase  the 
speed  of  the  system  allowing  for,  in  this  exanqtle,  a  spot  size  reduction  of  nearly  40%.  An 
equivalent  refractive  design  would  require  at  least  one  more  element,  thereby  adding  to 
the  weight  and  size  of  the  final  system  Since  achromatization  with  diffractive  optics  does 
not  require  the  use  of  different  glass  types,  all  of  the  elements  can  be  designed  with  a 
smgle  high  index  material,  which  further  aids  in  the  correction  of  monochromatic 
aberrations.  Of  course,  many  scanning  systems  require  the  use  of  anomorphic  wobble- 
correction  optics  that  typically  utilize  at  least  one  toric  surface.  It  may  be  possible, 
however,  to  ehminate  the  need  for  such  a  costly  surface  by  incorporating  diffractive  optics 
technology  into  the  design  of  these  systems  as  well. 
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Eyepiece  optical  designs  were  developed  for  a  wide  angle  eyepiece  with  a  large  exit  pupil  and  eye  relief.  In  addition  to  the 
design  criteria  listed  below  in  Table  1,  one  design  was  of  a  conventional  configuration  (aspherics  and  plastics  permitted)  and 
the  other  design  was  to  include  a  diffractive  optic. 

Table  1 


Design  Criteria 


Parameter 

Development  Criteria  1 

Field  of  View 

60° 

Format  Covered 

25mm 

Focal  Length 

24mm 

Distortion 

-10% 

Glass  Length 

<4 1mm 

Glass  Diameter 

<46mm 

Glass  Weight 

<120gm 

1  Focus  Range 

±  2  Diopter 

1  Field  Curvature 

±  .25  Diopter 

1  Astigmatism 

<  .5mm  Diopter 

1  Exit  Pupil  (All  Field  Angles) 

>  12mm  Diameter 

Normal  Eye  Relief 

^  20mm 

Spectral  Band 

540.0nm  -  558.0nm 

Transmission 

80% 

MTF  5mm  Centered  and  Decentered  Pupil's 
Located  within  5mm  of  Optical  Axis 

Various  Criteria  to  56  Ip/mm 

DTuA5-2  /  99 


This  paper  presents  the  optical  design  results  via  a  sample  design  of  each  type  without  regard  to  cost  or  potential  performance 
limits  of  the  fabricated  optics.  Although  each  design  represents  an  optimized  state  relative  to  the  design  criteria,  as  is  the  case 
in  optical  design,  there  is  always  potential  for  further  improvement. 

The  eyepieces  are  part  of  a  IX  power  image  intensifier  system  with  matched  -10%  objective  and  eyepiece  distortions.  The  eye 
is  to  view  a  flat  surface  image  intensifier  tube  phosphor  output  with  a  25mm  diameter.  The  most  significant  drivers  of  the 
design  included  the  60®  field  of  view,  eye  relief/pupil  size,  flat  object,  field/astigmatism  requirements,  glass  weight,  and 
diameters.  These  parameters,  in  combination,  severely  constrained  the  design  solution  space.  Additionally,  the  56  Ip/mm  MTF 
requirement  at  four  field  locations  with  seven  pupil  positions  each  provided  for  lengthy  performance  analysis  during  design 
iterations.  As  an  example  of  the  constraint  problem,  consider  the  46mm  glass  diameter  limit.  At  a  30®  angle,  20mm  eye 
relief,  and  6mm  semi  pupil,  the  upper  rim  ray  would  require  a  35.1mm  aperture  at  the  element  closest  to  the  eye.  Any  convex 
curvature  exacerbates  this  problem,  and  a  1mm  edge  allowance  quickly  places  one  at  the  46mm  limit. 

The  diameter  linut  stated  above,  the  total  length,  and  the  need  to  refract  the  rays  in  a  short  space  led  to  designs  with  high  index 
glass  materials  for  the  positive  elements.  The  resulting  optical  designs  are  shown  in  Figure  la  (conventional  configuration)  and 
Figure  lb  (diflractive  optic  configuration). 


Figure  la  -  Conventional  (with  Aspheres) 


Figure  lb  •  Diffractive 


The  optical  components  just  met  the  120gm  weight  constraint,  with  the  two  plastic  elements  in  the  conventional  design 
offsetting  its  one  extra  element.  The  reduced  curvature  of  the  lens  closest  to  the  eye  in  the  conventional  design  permitted  less 
vignetting  of  the  upper  marginal  ray  and  still  meet  the  46mm  aperture  constraint.  The  meniscus  elements  of  the  conventional 
design  are  more  curved  than  those  of  the  diffractive  design.  Both  designs  exhibit  some  fairly  acute  angles  of  incidence, 
particularly  in  the  near  30®  semi-field  region. 

Transverse  aberration  curves  for  each  design  are  presented  in  Figxues  2a  and  2b.  Spherical  aberration  over  the  15mm  pupil 
represented  in  these  plots  is  similar  for  both  lenses  as  are  field  curvature  and  maximum  astigmatism.  The  most  obvious  benefit 
of  the  diffractive  design  is  the  reduction  in  lateral  color,  which  results  in  improved  off-axis  MTF  performance.  Field  and 
distortion  curves  are  presented.  Figures  3a  and  3b. 

Modulation  Transfer  Function  data  for  each  design  was  obtained  over  the  field  of  view  and  various  pupil  positions.  The  data 
matrix  contained  192  points,  and  a  sample  output  is  shown  for  the  conventional  eyepiece  out  to  20®  semi-field.  Table  2.  The 
data  presents  the  radial  and  tangential  modulation  (0-100),  and  the  focal  position  for  the  matrix  of  pupil  positions  indicated. 
The  average  change  fi'om  the  specification  was  used  as  a  single  merit  value  for  the  design;  this  number  appears  in  the  lower  left 
of  the  data.  Centered  pupil  focus  data  is  used  to  determine  MTF  based  field  curve  and  astigmatism  values. 
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Figure  2a  -  Conventional  (with  Asphercs) 


Figure  2b  -  Diffractive 
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Figure  3a  -  Conventional  (with  Asphercs) 


Figure  3b  -  Diffractive 


60  Degree  Eyepiece  w  2  Plastic  Aspherics 


60  Degree  Eyepiece  w  1  Diffractive  Surf. 
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Table  3  presents  a  summary  of  the  field  curves,  astigmatism,  and  average  MTF  residual  over  specification  to  a  30®  semi-field. 
The  difiractive  eyepiece  design  has  a  better  average  MTF  due  to  its  reduced  chromatic  aberration.  MTF  derived  field  curves 
and  astigmatism  are  also  less  for  the  difiractive  eyepiece  design. 

The  conclusion  is  drawn  that  the  difiractive  element  has  yielded  a  better  optical  design  from  a  chromatic,  field  curves,  and 
MTF  standpoint.  Previous  work  has  also  shown  that  difiractive  elements  can  be  effectively  used  to  decrease  the  number  of 
optical  components  required  to  obtain  suitable  perfonnance  in  the  design  of  eyepiece  systems.  It  is  hoped  that  this  optical 
design  trade  indicates  the  differences  between  these  two  approaches  and  can  be  used  as  a  guide  to  future  design  efforts. 


Table  2  -  Sample  MTF  Data 

Eyepiece  MTF  Data 


Radial 


Pupil  Location 

.anfii 

gHil 

^39 

A  Focus  mm 

■EO 

K.-fil 

moi 

A  Focus  mm 

Centered  Pupil  On  Axis 

95 

88 

82 

76 

0.000 

95 

88 

82 

76 

0.000 

+2mm  Vertical  On  Axis 

93 

82 

71 

61 

-0.110 

94 

87 

80 

72 

-0.055 

+5mm  Vertical  On  Axis 

65 

46 

36 

26 

0.440 

89 

72 

54 

38 

-0.220 

Centered  Pupil  14D  Field 

95 

89 

83 

76 

-0.180 

92 

79 

66 

54 

-0.020 

+2mm  Vertical  14D  Field 

93 

82 

71 

61 

-0.260 

91 

76 

61 

47 

-0.020 

+5nun  Vertical  14D  Field 

59 

43 

33 

27 

-0.500 

87 

65 

45 

30 

-0.180 

+2mm  Horizontal  14D  Field 

94 

87 

80 

73 

-0.180 

91 

77 

63 

50 

-0.100 

-2mm  Horizontal  14D  Field 

94 

88 

81 

74 

-0.180 

89 

70 

52 

37 

-0.100 

+5mm  Horizontal  14D  Field 

91 

76 

60 

46 

-0.340 

83 

56 

38 

29 

-0.420 

-5mm  Horizontal  14D  Field 

91 

75 

59 

45 

-0.340 

76 

43 

25 

15 

-0.420 

Centered  Pupil  20D  Field 

94 

86 

77 

69 

-0.225 

89 

70 

54 

40 

0.025 

+2mm  Vertical  20D  Field 

93 

83 

72 

62 

-0.260 

88 

68 

50 

35 

0.025 

+5mm  Vertical  20D  Field 

70 

47 

38 

29 

-0.500 

85 

60 

39 

24 

-0.100 

+2mm  Horizontal  20D  Field 

92 

79 

65 

50 

-0.180 

88 

69 

51 

37 

-0.100 

-2mm  Horizontal  20D  Field 

93 

84 

74 

65 

-0.180 

86 

64 

46 

34 

0.025 

+5mm  Horizontal  20D  Field 

90 

73 

56 

41 

-0.340 

83 

56 

35 

25 

-0.350 

-5mm  Horizontal  20D  Field 

94 

85 

76 

67 

-0.340 

78 

48 

28 

25 

-0.100 

+10.4441 


Table  3-  Performance  Summary 


Eyepiece  Configuration  || 

Parameter 

Conventional 

Diffractive  | 

Average  MTF  to  30® 

9.4  Over  Spec 

13.4  Over  Spec 

Field  Curvature  ®  0® 

0  Diopter 

0  Diopter  | 

Field  Curvature  @  14® 

-.17  Diopter 

0  Diopter  | 

Field  Curvature  @  20 

-.17  Diopter 

-.08  Diopter  i 

Field  Curvature  @  30 

-.73  Diopter 

-.58  Diopter  | 

Astigmatism  @  0® 

0  Diopter 

0  Diopter  || 

Astigmatism  @  14® 

.27  Diopter 

.30  Diopter 

Astigmatism  @  20® 

.42  Diopter 

.45  Diopter 

Astigmatism  @  30® 

.63  Diopter 

.45  Diopter  || 

The  authors  and  their  corporate  affiliations  acknowledge  the  support  of  ITT  Night  Vision  and  the  Army's  Night  Vision  and 
Electronic  Sensors  Directorate.  These  designs  were  developed  under  the  Army’s  Night  Vision  and  Electronic  Sensors 
Directorate  "Advanced  Image  Intensification  -  Advanced  Technology  Demonstration"  or  "A?  -  ATD". 
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I.  Introduction 


Recently,  the  diffractive  optics  has  extensively  attracted  interest  of  researchers  because 
diffractive  optical  elements(DOE’s)  can  incorporate  several  optical  functions  in  a  single  op¬ 
tical  element. This  is  important  in  a  number  of  areas  such  as  integrated  optics,  optical 
computing,  optical  sensors,  and  so  on.  For  example,  one  can  design  diffractive  optical  ele¬ 
ments  to  perform  wavelength  multiplexing/ demultiplexing,  and  focusing.  Various  designs 
and  fabrication  schemes  for  DOE’s  that  modulate  only  the  phase  of  an  incident  lightwave 
have  been  proposed.  In  this  paper  we  present  the  design  and  fabrication  of  diffractive  phase 
element  (DPE)  that  incorporates  simultaneous  wavelength  demultiplexing  and  focusing  in 
the  optical  system  illuminated  by  a  light  beam  with  three  wavelength  components.  Optical 
lithography  and  reactive-ion  etching  are  used  to  fabricate  the  surface-relief  structure  with 
8  levels.  Experiments  demonstrate  the  feasibility  of  three  wavelength  demultiplexing  and 
focusing  simultaneouslly. 

II.  Design  and  Numerical  Simulation 


The  sketch  of  a  typical  optical  system 

U|(xi.y^)  U2(X2.y2) 


Fig.  1  :  Schematic  diagram  of  a 
diffractive  optical  system. 


considered  here  is  illustrated  in  Fig.  1.  This 
optical  system  is  assumed  to  be  illuminated 

by  a  uniform  beam  of  incident  light  with  mu¬ 
tually  incoherent  components  with  different 
wavelength.  Pi  and  P2  represent  the  input  and 
output  plane,  respectively.  A  wave  function  at 
z  wavelength  on  the  input  planes  is  denoted 
by  U\a\  the  corresponding  wave  function  on 
the  output  plane  is  denoted  by  C/2a-  The  wave 
functions  are  generally  complex.  For  brevity  of 
notation  we  consider  a  one-dimensional  case  in 
our  design  and  experiment.  The  output  wave 
function  U2a  is  linked  to  the  input  wave  func¬ 
tion  Uia  at  wavelength  by  a  linear  transform 
function  G{X2,Xi,  Aa)  of  the  form^^l 


U2{X2,Xa)  —  j  G{X2,Xi,\a)Ui[Xi,\a)dXi. 
Equation  (1)  can  be  recast  in  a  compact  form 


(1) 


t72(X2,A,)  =  G(A,)C/i(Xi,A,),  ^  (2) 

where  G  represents  an  integral  operator.  In  the  general  case  or  nonparaxial  case,  G  may  be 
nonunitary,  i.  e.,  G+G  =  A  ^  /,  where  the  superscript  +  stands  for  Hermitian  conjugation 
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operation;  I  is  an  identity  transform;  and  A  is  an  Hermitian  operator.  In  numerical 
simulations,  the  every  continuous  functions  is  approximately  sampled  in  a  discrete  way 
and  represented  by  its  values  at  a  set  of  sampling  points  (or  pixels).  Assume  that  the 
total  numbers  of  the  sampling  points  are  Ni  on  the  input  plane  and  N2  =  Ntt  x  Nx  on 
the  output  plane,  where  N2S  is  the  number  of  spatial  sampling  points  on  the  output  plane 
and  Nx  is  the  number  of  different  wavelengths.  Thus,  we  have 

Uin[K)  =  Pina  exp (*27rhin/Aa),  (3a) 


f^2ma  —  Pima  exp(t^2  mcr)?  (36) 

Uima  —  Gfnn  (  Aoi)  17 ina , 

l=l 


n  =  1,2,3,  ....,Ari,  m  =  1,2,3,  ....,Ar2„  a  =  1,2,3, ...,  AT;,. 


(4) 


The  design  problem  of  the  DPE  can  be  put  into  the  framework  of  phase  retrieval:  If 
the  linear  transform  kernel  G  and  the  amplitude  information  of  Uia  and  U2a  are  known, 
how  can  the  profile  of  the  surface-relief  kinoform  be  determined  so  that  Eq.  (2)  is  satisfied 
to  a  high  accuracy  ? 

To  describe  the  closedness  of  the  calculated  wavefront  GUi  to  the  desired  wavefront 
U2,  we  introduce  a  distance  measure  D  in  an  L2  norm^®!  as 


=  (5) 

CK 

The  design  problem  of  the  DPE’s  may  be  formulated  as  the  search  for  the  minimum 
of  with  respect  to  function  arguments  hi  and  <i>2^.  Through  evaluating  the  functional 
variations,  we  can  derive  a  set  of  equations  for  determining  hi  and  <j)2-^. 


exp(t27r/iiik/Ao) 


01 

\Qk 


k  —  1,2,3,  ...,Ni, 


(6a) 


where 


Ao  = 


^moi  "b  ^min 


<2t  =  E 


j 

x(27r/Aa)pitaexp[t(27r/iiifc/Ao)(Ao/Ac  -  1)]. 

Ej-  Gkj{X^)piji  exp{i2nhij/\^) 


exp{-i<f>2k^)  = 


Ey  6xp(t27rhiy/A.Y)| 

A:  =  l,2,3,...,Ar2„  7  =  l,2,3,...,AfA. 


(66) 


Generally  speaking,  no  analytical  solutions  to  Eqs.(6a)  and  (6b)  may  be  expected,  but 
they  can  be  numerically  solved  by  use  of  Yang-Gu  iterative  algorithm  described  in  Refs. 
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[6-7]  in  detail.  According  to  the  general  theory  of  optical  wave  propagation,  this  system 
shown  in  Fig.  1  performs  the  linear  transform  given  by  Eq.(l)  with  a  transform  kernel 
G{x2,xi]l,\a)  at  wavelength  Xa-  In  the  paraxial  approximation,  G  can  be  expressed  as 

G{x2,  xi]l,  A„)  =  exp{t27r//A„)  exp[*7r(x2  -  Xi) V Kl]-  (7) 

The  relevant  physical  and  structural  parameter  values  were  chosen  as  follows:  The 
number  of  wavelengths  of  illumination  light  is  Nx  =  3.  The  corresponding  wavelengths 
are  Ai  =  0.5145/xm,  Aj  =  0.5900fJ,m,  and  A3  =  0.6328^m.  The  central  wavelength  is 
Ao  =  0.5(Ai  +  As)  =  0.57365/xm.  The  sizes  of  the  apertures  on  the  input  and  output 
planes  are  Xmax  =  7.66mm  and  X2ma*  =  15.32mm.  The  numbers  of  sampling  points  on 
the  input  and  output  planes  are  Ni  =  256  and  N2S  =  12,  respectively.  A  uniform  intensity 
at  all  wavelengths  on  the  input  plane  is  Jissumed,  i.e.,  pia  is  a  constant.  The  intensity  and 
positions  of  diffractive  light  focused  in  the  focal  plane,  and  focal  distance  can  be  arbitrary. 
In  our  design,  the  intensities  of  three  wavelength  demultiplexing  are  assumed  identical,  the 
consecutive  positions  of  three  wavelength  foci  are  designed  0.128mm  and  0.256mm,  and 
the  focal  spacing  between  the  input  and  output  planes  also  is  designed  I  =  400mm.  Fig.  2 
shows  the  designed  quantized  relief  depth  of  8-level  DPE,  and  the  numerical  simulation  of 
the  intensity  distribution  generated  by  the  DPE  on  the  output  plane  is  displayed  in  Fig. 
3.  From  Fig.  3  it  can  be  seen  that  a  local  maximum  of  intensity  for  each  wavelength  is 
demultiplexed  and  occurred  at  its  predesignated  position  in  the  desired  plane. 


0.0  3.0  6.0  9.0  12.0  15.0 


Xg  (mm) 


Fig.  2  :  Profile  of  8-level  relief  depth  Fig.  3  :  Numerical  simulation  of  output 

of  the  DPE.  pattern  generated  by  the  DPE. 


III.  Fabrication  and  Experimental  Results 

Optical  lithography  and  reactive-ion  etching  are  used  in  forming  the  surface-relief  struc¬ 
ture  of  the  designed  DPE.  To  fabricate  the  surface-relief  structure  with  8  levels,  three 
lithographic  masks  shown  in  Fig.  4  were  designed  and  used  to  fabricate  the  surface-relief 
structure  in  our  experiment.  The  DPE  was  fabricated  in  fused  silica(index  refraction  = 
1.459) .  To  demonstrate  the  validity  of  the  numerical  simulation,  a  optical  system  shown  in 
Fig.  5  was  chosen  as  the  experimental  setup.  Identical  intensities  of  three  laser  beams  with 
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wavelength,  A  =  0.6328/im  (He-Ne  laser),  A  =  0.5145/xm  (Argon  laser),  and  A  =  0.5900;im 
(Dye  laser),  consist  a  coaxial  collimated  beam  to  illuminate  the  DPE. 


Fig.  4  :  Lithographic  masks  for  8-level 

DPE,  (a)  maskl,  (b)  mask2  and  (c)  masks.  ^  '  Experimental  setup. 


Figs.  6  depict  the  experimental  output  images  recorded  by  the  CCD  camera  and  photo 
camera,  respectively,  at  the  focal  plane  for  three  wavelength  demultiplexing  and  focusing 
from  the  DPE.  It  is  clear  that  the  experimental  results  shown  in  Fig.  6(a)  are  in  good 
coincidence  with  the  numerical  simulation  shown  in  Fig.  3. 


Fig.  6  ;  Experimental  results  for  three  wavelength  demultiplexing  and  focusing: 

(a)  Intensity  distribution  measured  by  CCD  camera;  (b)  Photography. 
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1.  Introduction 

In  recent  years  much  effort  has  been  devoted  to  the  designs  of  diffractive  optical 
elements  (DOE’s)  because  of  considerable  progress  in  DOE  microfabrication  technology. 
In  the  previous  papers  various  designs  of  DOE’s  have  been  presented,  these  elements 
produce  focal  annuli  for  monochromatic  illuminating  system^  or  implement  wavelength 
demultiplexing  and  straight  line  or  spot  focusing.^”® 

The  goal  of  this  article  is  to  propose  a  design  of  a  new  kind  of  diffractive  phase  elements 
(DPE’s),  these  DPE’s  are  able  to  integrated  above  all  functions,  i.e.  DPE’s  implement 
simultaneously  wavelength  demultiplexing  and  produce  annuli  with  each  wavelength  fo¬ 
cusing  at  desired  focal  plane. 

2.  Formulas  Used  for  the  Design  of  DPE’s 

A  schematic  representation  of  a  typical  optical  system  for  design  DPE’s  is  shown 
in  Fig.  1.  The  system  is  assumed  to  be 
illuminated  by  a  beam  of  incident  light 
consisting  of  mutually  incoherent  compo¬ 
nents  with  different  wavelengths.  Pi  and 
P2  represent  the  input  plane  and  output 
planes,  respectively.  A  wave  function  at 
wavelength  on  the  input  plane  Pi  is 
denoted  by  Uia,  the  corresponding  wave 
function  on  the  output  plane  P2  is  de¬ 
noted  by  U2a‘  The  wave  functions  are 
generally  complex.  In  numerical  simu¬ 
lations,  the  every  continuous  functions 
are  sampled  and  represented  by  their  val¬ 
ues  at  a  set  of  sampling  points(or  pixels). 

Consequently,  at  a  given  wavelength  Ao,, 
the  wave  function  on  the  input  plane  is 

C^ln(Aa)  =Pinaexp(t27rhi„/A„), 

n=l,2,Z...Ni,  a  =  l,2,Z...Nx.  (l) 

The  corresponding  wave  function  on  the  output  plane  is 

U2ma  =  P2maexp(t>2ma),  rtl  =  l,2,3..iV23. 
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Fig.  1  :  Configuration  of  a  diffractive 
optical  system. 
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The  coordinate  system  is  such  that  the  2:-axis  is  along  the  optical  axis  of  the  system, 
the  system  considered  here  is  rotationally  symmetric,  our  description  can  be  in  terms  of 
polar  coordinates,  radial  coordinates  on  the  input  and  output  planes  are  described  ri  and 
r2.  The  output  wave  function  is  linked  to  the  input  wave  function  at  wavelength  by  a 
linear  transform  function  G(r2,ri,  Aq)  of  the  form 

^2»na  ^  ]  Gfnn(^ar)f^lna"  (3) 

n=l 

The  design  problem  for  the  DPE’s  can  be  generally  addressed  as  follows  :  From  known 
the  transform  kernel  G  and  the  amplitudes  of  Uia  and  U2a  determinate  the  profile  of  the 
surface-relief  kinoform,  satisfying  Eq.  (3)  to  a  high  accuracy. 

To  describe  the  closeness  of  the  calculated  wavefront  GUi  to  the  desired  wavefront  U2, 
we  introduce  a  distance  measure  in  an  L2  norm®, 

»’  =  E  II  -  G(A,)C^..|  IP  .  (4) 

a 

By  evaluating  the  functional  variation  of  with  respect  to  hi  and  <f>2kT,  one  obtain 
exp(f27r/iifc/Ao)  =  k  =  l,2,3....iVi,  (5) 

I  Qk  \ 

where  Aq  is  the  mean  wavelength,  and  can  be  chosen  as  the  center  wavelength,  given 
by  A  =  (A 

max  ^min) ^max  and  Xmin  are  maximum  and  minimum  of  wavelengths  in 
polychromatic  illumination,  and 


^  t 

Qk  =  5r{Z)/’ii«exp(-i27rhij/A„)>lj*(A„) 


exp(  i<^2ya)^jfc(Ao()}(27r/Ao,)pij(;(j,  exp[t (27r/i.iji;/Ao) (Ao/A(j  —  !)]• 
i 


and 


exp(2(/>2H) 


Ej  Gkji\^)pij^  exp(t27rhij/A.,) 

Ey  ^fcy (A'y)piy.j  exp (t^Trhjy /A.j)  | 


k  =  l,2,3....N2„  7  =  1,2,3...JVv 


(6) 


Eqs.  (5)  and  (6)  can  be  numerically  solved  with  use  of  the  YG  iterative  algorithm 
described  in  Ref.  6. 


3.  Numerical  Simulation  Results  for  the  Design  of  DPE’s 

In  Fig.  1  the  focal  spacing  between  the  input  plane  Pi  and  the  output  plane  P2  is  /, 
and  the  DPE  is  placed  on  the  input  plane.  According  to  the  general  theory  of  optical  wave 
propagation,^  this  system  performs  the  linear  transform  given  by  Eq.(3)  with  a  transform 
kernel  at  wavelength  Aq,, 


G{r2,ri]l,Xcc)  =  ^^exp(i27r//Aa)exp[?7r(r|  +  r^)/Aa/]  x  Jo{‘^^^)ri 

Aal 


(7) 
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where  Jq  is  the  zeroth-order  Bessel  function  of  the  first  kind. 

We  now  present  the  results  obtained  in  the  design  of  DPE’s  which  simultaneously 
perform  wavelength  demultiplexing  and  annular  focusing  of  each  wavelength.  In  our 
computations,  the  number  of  wavelengths  of  illumination  light  of  the  optical  system, 
intensities  and  radii  of  diffractive  annuli  focused  in  the  focal  plane,  and  focal  distance 
can  be  arbitrarily  chosen.  The  relevant  physical  and  structural  parameter  values  chosen 
as  follows:  The  sizes  of  the  apertures  on  the  input  and  output  planes  are  Ri  =  3.0mm 
and  R2  =  9.0mm.  The  numbers  of  sampling  points  on  the  input  and  output  planes  are 
Ni  =  512  and  N23  =  32,  respectively.  A  uniform  intensity  at  all  wavelengths  on  the  input 
plane  is  assumed,  i.e.,  pia  is  a  constant.  In  our  design,  the  intensities  of  focusing  annuli 
for  wavelength  demultiplexing  are  assumed  identical,  and  the  focal  spacing  between  the 
input  and  output  planes  also  is  predesignated  I  =  400mm. 

In  the  first  two  examples  of  design,  the  number  of  wavelengths  of  illumination  light 
is  chosen  Nx  2.  Figs.2  (a)  and  (b)  show  a  depth  distribution  of  the  designed  DPE 
and  corresponding  intensity  of  focusing  annuli,  respectively.  In  Fig.  2(b)  two  peaks  of 
intensity  with  each  wavelength  {  A  =  0.6328//m  and  0.5145/im)  occur  at  predesignated 
radii  r2  =  5.28mm  and  7.29mm,  respectively.  It  means  that  the  designed  DPE  imple¬ 
ments  simultaneously  two  annuli  with  each  wavelength  separating  and  focusing  at  desired 
positions. 
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Fig.  2:  (a)  Profile  of  depth  of  the  designed  DPE,  (b) Output  pattern  with  two 
wavelengths  demult ilexing  and  annuli  focusing  generalized  from  the  designed 
DPE  shown  in  Fig.2  (a). 

To  verify  further  the  validity  of  the  design  method,  we  now  demonstrate  more  exam¬ 
ples  by  changing  the  relevant  parameter  values.  Fig.  3  also  present  successful  result  by 
using  different  wavelengths  and  radii  from  that  in  Fig.  2.  Fig.  3  describes  the  corre¬ 
sponding  output  pattern  of  intensity,  two  annuli  with  each  wavelength  (A  =  0.5145/im 
and  0.5900/im)  are  divided  and  focusing  at  desired  radii  r2  =  3.56mm  and  6.56mm, 
respectively. 

For  second  example,  Nx  is  taken  3,  and  radii  of  focal  annuli  are  predesignated  ar- 
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bitrarily.  Fig.  4  present  a  satisfactory  design  again.  Three  peaks  of  intensity  raise  in 
the  output  pattern  shown  in  Fig.  4,  the  peaks  with  each  wavelength  (  A  =  0.5900/im, 
0.6328/im,  and  0.5145/xm  )  still  deinultiplex,  and  focus  at  expected  radii  rz  =  1.59mm, 
3.89mm,  and  7.29mm,  respectively,  in  the  focal  plane. 


Tz  (mm)  **2  (mm) 

Fig.  3  :  Output  pattern  with  two  Fig.  3  :  Output  pattern  with  three 

wavelengths  demultilexing  and  annuli  wavelengths  demultilexing  and  annuli 
focusing  generated  from  the  designed  focusing  generated  from  the  designed 

DPE.  DPE. 

4.  Conclusions 

The  design  of  DPE’s  that  simultaneously  implement  wavelength  demultiplexing  and 
annular  focusing  is  present  based  on  the  theory  of  amplitude-phase  retrieval  and  an  iter¬ 
ative  YG  algorithm.  The  calculated  results  shows  that  the  diffractive  patterns  obtained 
by  the  designed  DPE’s  are  in  good  agreement  with  the  desired  patterns.  It  may  be  ex¬ 
pected  that  this  design  method  will  be  useful  and  effective  for  the  design  of  DPE’s  in 
micro-optical  system. 
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I.  Introduction 

Recently,  planar  optics  was  introduced  as  a  concept  for  the  micro  integration  of  free  space 
optics*.  For  the  planar  optics  approach  passive  optical  elements  are  arranged  on  the  surface  of 
a  thick  transparent  substrate.  The  light  signal  travels  within  the  substrate  along  a  folded  zig¬ 
zag  path,  reflected  at  the  surfaces  of  the  substrate.  Since  planar  optics  was  first  proposed, 
various  applications  were  successfully  demonstrated,  like  integrated  split  and  shift  modules^ 
or  integrated  optical  imaging  systems  . 

Typically,  the  light  signal  reflects  off  the  optical  elements,  positioned  on  the  surfaces  of  the 
substrate  under  a  certain  angle  with  respect  to  the  plane  in  which  the  elements  are  located. 
The  oblique  angle  of  light  propagation  has  to  be  considered  for  the  analysis  of  planar  optics 
and  related  optical  systems.  In  order  to  develope  a  foundation  for  the  treatment  of  integrated 
planar  optical  systems  incorporating  self-imaging  phenomena,  we  investigate  the  Talbot  effect 
for  oblique  angles  of  light  propagation. 


II.  Free  space  propagation  and  self-imaging 


Talbot  distance 
■< - ► 


illumination 
with  plane  wave 


Z'p 


IV 


diffraction  grating 


'X 


1st  Talbot  image 


We  consider  the  configuration 
shown  in  Fig.  1 .  A  grating  is 
illuminated  by  a  tilted  plane 
wave.  The  transmission 
function  of  the  grating  is 
assumed  to  be  separable  in  x 
and  y.  The  propagation 
direction  s  of  The  initial  wave 
front  and  the  grating  axis  z 
deviate  by  an  angle  a  within 
the  x-z  plane. 


Fig.  1 :  Configuration  for  observing  the  off-axis  Talbot  effect 


JTuB2-2  /  113 


As  self-imaging  is  based  on  free  space  propagation  of  diffracted  wave  fields,  we  first  calculate 
the  transfer  function  h(k^,ky,z)  of  free  space  starting  from  the  solution  of  Helmholtz's 

equation  in  frequency  space'’.  We  assume  small  diffraction  angles  centered  around  the 
propagation  direction  kxo=  (27C/A,)-sin(a)  of  the  incident  wave.  Substituting  k’x  =  k^  -  kxo  and 
disregarding  constant  factors  we  find 


^If^,  ky,z)  =  exp  -ik'^ztan(a) 


shift  in  space 


i  z  ik^z  ik'’zsin(a)  i  k.l^zs^a) 
2kcos^(a)  2kcos(a)  2k^cos^(a)  cos’(a) 


parabolic  approximation 


aberrations 


(1) 


with  k=2nlX.  Eq.  (1),  can  be  split  into  three  terms.  The  phase  linear  in  k’x  corresponds  to  a 
lateral  shift  of  the  diffraction  pattern  in  real  space.  The  second  part  contains  the  parabolic 
approximation,  including  on-axis  Fresnel  diffraction  (a=0)  as  a  special  case.  The  last  term 
describes  aberrations  which  arise  from  the  off-axis  propagation  of  the  light  signal. 


The  effect  of  self-imaging  can  be  explained  within  the  parabolic  approximation.  From  the 
parabolic  term,  in  Eq.  (1),  we  find  different  Talbot  distances  for  x  and  y: 

2dx  3/  \  j  2dJ  ,  s 

Zt.x  =  cos  (aj;  and  z^^y  =  m^ ^  cos(a)  with  m,,my  =  1,2,3,...,  (2) 


where  indices  x  and  y  denote  the  lateral  coordinates.  For  self-imaging  of  two  dimensional 
gratings  both  conditions  in  Eq.  (2)  have  to  be  fulfilled  simultaneously. 


III.  Experimental  verification 


A)  The  Talbot  distance 

To  verify  Eq.  (2)  experimentally  a  S 
one-dimensional  amplitude  Ronchi  iM. 
grating  with  a  period  d=50|im  was  ^ 

illuminated  under  different  angles  a  S 
by  a  collimated  laser  beam  (He-Ne  « 
laser  A.=0. 633mm).  The  grating  lines  t3 
were  oriented  in  y-direction.  For  g 
angles  a=5,  10,  15  and  20  degrees  ^ 
we  determined  the  Talbot  distance. 

The  results  are  summarized  in  Fig.  2 
where  the  measurements  are 
compared  to  the  theoretical  values. 

The  deviations  of  the  experimental 


Fig.  2:  Determination  of  the  Talbot  distance 
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and  the  theoretical  results  were  found  to  be  approximately  1%. 

B)  Aberrations 

jjlllliiliiiiiiilliiMIM  To  Study  the  aberrations  we  numerically 

y  calculate  the  Fourier  transformation  of  the 

last  term  in  Eq.  (1).  The  result,  presented 
qualitatively  in  Fig.  3  as  a  gray  scale  picture, 
can  be  regarded  as  the  point  spread  function 
for  off-axis  self-imaging.  The  ideal  self-image 
has  to  be  convoluted  by  a  coma  like 
amplitude  distribution. 

To  compare  the  numerical  calculations  with 
experiments  we  use  again  a  one-dimensional 
Fig.  3:  Point-spread  function  of  aberrations  amplitude  Ronchi  grating  with  a  period  of 

50|im.  The  grating  consists  of  200  lines 
which  is  sufficient  to  avoid  edge  effects  at  the  center  of  the  grating  image.  We  determine  the 
intensity  distribution  of  the  diffracted  wave  front  of  the  grating  at  the  first  Talbot  plane  (Fig. 
4a).  The  intensity  line  scan.  Fig.  4a  shows  strongly  modulated  bright  lines  and  a  moderate 
contribution  of  background  noise. 

For  comparison  we  computed  the  theoretical  intensity  distribution  from  Eq  (1).  The  resulting 
intensity  distribution.  Fig.  4b,  corresponds  fairly  good  to  the  measurement,  in  Fig.  4a. 
Deviations  are  caused  by  intensity  variations  of  the  illuminating  laser  beam  and  alignment 
errors.  During  the  experiment,  we  found  that  the  shape  of  the  fringes  strongly  depends  on  a 
and  z. 


Fig.  4:  Experiment  and  simulation  of  the  intesity  pattern  in  the  first  Talbot  plane. 
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IV.  Application  to  planar  optics:  spot  array  generation 


X  phase  grating  fractional  Talbot  image 


(reflective)  ([spot  array) 


_ taanaanaa 
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plane  wave  \ 
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Fig.  5:  Planar  optical  setup 


One  useful  application  for  the 
off-axis  Talbot  effect  is  array 
illumination^.  This  can  be 
efficiently  performed  by  use  of 
the  fractional  Talbot  effect, 
where  the  diffraction  grating  is 
a  phase  only  element  and  the 
bright  spots  appear  in  rational 
fractions  of  the  Talbot 
distance^.  A  planar  optical  con¬ 
figuration  is  shown  in  Fig.  5. 


For  array  illumination,  the  portion  of  light  intensity  diffracted  to  the  desired  output  spots  is 
important  rather  than  the  specific  shape  of  the  spots.  Therefore,  aberrations  of  the  self-images 
are  of  less  importance  as  long  as  only  the  line  shape  is  influenced.  From  simulations  we  found 
that  more  than  95%  of  the  light  energy  can  be  used  in  a  planar  optical  setup.  This  portion, 
depending  on  a,  is  found  to  be  a  maximum  for  angles  between  a=20°  and  a=30°. 


V.  Conclusion 

In  this  paper  we  investigated  the  Talbot  effect  for  oblique  angles  of  light  incidence.  The 
Talbot  distance  depending  on  the  illumination  angles  turns  out  to  be  different  for  both  lateral 
coordinates.  Aberrations  arising  from  the  off-axis  configuration  cause  a  significant  modulation 
and  distortion  of  the  ideal  self-images.  For  array  generation  by  means  of  the  fractional  Talbot 
effect,  however,  these  distortions  are  of  less  importance.  Therefore,  Talbot  array  illuminators 
are  well  applicable  to  planar  optical  integration. 
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1.  Introduction 

In  inertial  confinement  flision(ICF)  experimental  researches,  especially  in  direct 
drive  ICF  experimental  researches,  energy  of  the  incident  high  power  laser  beam  must  be 
focused  onto  the  target  surface  very  uniformly.  To  achieve  high  illumination  uniformity 
for  target,  several  techniques  have  been  developed,  such  as  random  phase  plate  (PR)^^^, 
induced  spatial  incoherence  (ISI)^^^,  smoothing  by  spectral  dispersion  (SSD)l^l,  lenslet 
array  (LA)^'^^,  etc..  Although  these  techniques  have  proven  valuable  in  ICF  applications, 
all  of  them  have  some  limitations  and  can't  meet  all  of  the  requirements  of  the 
applications. 

Recently,  we've  been  investigating  the  possibility  of  introducing  the  diffractive 
optical  technology  into  our  uniform  illumination  for  ICF  applications.  Using  a  modified 
Gerchberg-Saxton  algorithm,  a  kind  of  pure-phase  elements  (PPE)s  are  designed^^’^l 
The  results  show  it  is  a  very  promising  method.  Meanwhile,  scientists  in  Lawrence 
Livermore  National  Laboratory  developed  a  kind  of  kinoform  phase  plate  for  ICF 
uniform  illuminationf  In  this  paper,  we  will  give  out  our  fabricate  and  experiment 
results  of  PPE. 


2.  Design 

We've  developed  a  2-D  PPE  design  code  according  to  a  modified  Gerchberg- 
Saxton  algorithm^^^^^,  which  enable  us  to  design  PPEs  which  can  generate  focal  spots  of 
arbitrary  shapes  and  sizes  with  varied  intensity  profiles.  During  the  design  of  the  PPE,  we 
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choose  A=0.6328nm.,  the  size  is  40mm  x  40mm.  The  iteration  is  start  up  with  a  lens  like 
initial  phase  profile.  With  a  uniform  plane  incident  beam,  the  focal  spot  intensity  profile  is 
chosen  to  be  a  super-Gaussian  function: 


(1) 


with  n=50  and  w^-^y=500[.\.m.  Figure  1(a)  shows  the  phase  distribution  of  the  PPE  after 
100  iterations,  Figure  1(b)  is  the  focal  spot  intensity  distribution.  As  we  expect,  the  focal 
spot  is  of  very  sharp  edge  and  low  sidelobes.  Statistically,  the  intensity  profile  tends  to 
have  a  flat-top  envelope,  but  resembles  a  speckle  pattern  with  very  large  intensity 
modulations.  This  may  be  caused  by  the  limits  of  the  algorithm,  such  as  self-trapping 
phenomena,  etc.  It  is  a  problem  need  to  be  solved.  However,  by  using  PPE  array,  the 
modulation  nonuniformity  can  be  statistically  averaged  out,  furthermore,  the  intensity 
distribution  on  the  target  plane  will  not  be  sensitive  to  the  near-field  distribution  of  the 
incident  laser  beaml'^l  The  interference  fringes  can  also  be  smoothed  out  with  some 
existing  techniques,  such  as  SSD  or  partially  coherent  light,  etc..  To  make  a  PPE  array  is 
very  difficult  and  very  expensive,  but  it  is  the  most  effective  method  available  up  date. 


Figure  1 .  (a)  The  profile  of  the  PPE 
obtained  by  the  iterative  algorithm 
(b)  The  intensity  of  the  focal  spot 


Figure  2.  (a)  The  experimental  focal  spot  pattern, 
(b)  Horizontal  line-scan  through  the  profile. 


3.  Experiment 

Using  technology  of  ion  etching,  a  40mm  x  40mm  in  square  size,  16  levels  PPE  has 
been  fabricated.  We  have  tested  the  PPE's  performance  using  a  2D-image  measurement 
system.  An  expanded  He-Ne  laser  beam  incident  to  the  PPE  and  focused  by  a  main 
focusing  lens  with  a  focal  length  of  340mm.  A  500  x  582  pixel,  1/3"  CCD  imager  is  fixed 

in  the  target  position.  Figure  2(a)  is  the  focal  spot  intensity  profile,  and  Figure  2(b)  is  the 
horizontal  line-scans  through  the  profile.  As  expected,  the  focal  spot  is  a  500|am  x  SOOpm 
in  size  with  very  sharp  edges.  The  intensity  distribution  within  the  spot  is  very  modulated. 
These  properties  are  fit  with  the  theoretical  result  in  the  previous  section.  However,  the 
pattern  is  a  little  different  from  the  theoretical  result  in  detail  because  of  the  drawback 
during  the  PPE's  fabrication  and  the  near-field  distortion  of  the  incident  beam.  The  size  of 
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the  PPE  is  a  little  larger  than  that  is  fit  to  the  ion  etching  equipment,  this  reduces  the 
accurate  of  the  masks'  alignment.  The  misalignment  cause  a  additional  grating  structure 
with  a  period  of  about  200|am  in  horizontal  and  vertical  direction  on  the  PPE's  surface 
phase  relief  pattern,  especially  in  the  horizontal  direction,  as  shown  in  Figure  2.  We 
believe  that  this  drawback  can  be  overcome  by  enhance  the  accurate  of  the  masks' 
alignment  during  the  PPE's  fabrication.  Another  simple  but  effective  technique  to 
fabricate  the  PPE  is  under  developing. 
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Introduction 

Surface  relief  diffractive  lenses  that  utilize  multiple  diffracted  orders  were  first  introduced  by  Sweeney  and 
Sommargren^  and  Morris  and  Faklis^.  More  comprehensive  discussions  of  these  lenses  were  later  presented^’"*’^. 
These  multi-order  diffractive  (MOD)  lenses  were  shown  to  have  the  same  optical  power  at  a  discrete  set  of 
resonance  wavelengths  within  a  chosen  spectral  region.  The  physical  difference  between  a  standard  diffractive  lens 
and  a  MOD  lens  is  that  the  OPD  at  the  zone  boundaries  of  a  standard  diffractive  lens  is  equal  to  the  design 
wavelength,  whereas,  for  a  MOD  lens  the  OPD  is  equal  to  an  integer  (>1)  multiple  of  the  design  wavelength.  As  a 
result,  the  diffraction  efficiency  for  each  order  of  a  MOD  lens  has  a  reduced  spectral  bandwidth.  This  efficiency 
reduction  indicates  that  MOD  lenses  may  be  best  suited  for  optical  systems  which  utilize  discrete  wavelength 
sources  as  opposed  to  broadband  sources.  This  paper  will  investigate  the  use  of  MOD  lenses  in  this  class  of 
systems  by  examining  the  combination  of  refractive  and  diffractive  lens  power  to  achieve  proper  achromatic 
control  in  a  manner  analogous  to  the  standard  hybrid  lens  approach.  These  hybrid  lens  combinations  may  be  well 
suited  for  applications  such  as  color  laser  printing  and  laser  machining.  Several  first  order  design  examples  are 
provided  including  a  two-color  hybrid  achromat  with  nearly  100%  diffraction  efficiency  and  a  three-color  hybrid 
apochromat  made  from  a  single  material. 


Background 

The  expression  for  the  power  of  a  MOD  lens  is  given  as  0(X)  =  mX(l)o/pXo,  where  m  is  the  diffracted  order,  X  is  the 
wavelength,  is  the  design  power,  p  is  a  physical  design  parameter  (integer),  and  Xq  is  the  design  wavelength.  At 
the  resonance  wavelengths  given  by,  Xr^  =  p^o/m,  the  optical  power  of  the  lens  is  equal  to  ^q.  It  is  likely  that  the 
operating  wavelengths  of  a  given  system  will  not  be  the  same  as  the  resonance  wavelengths  making  it  necessary  to 
add  refractive  power  to  achromatize  the  lens.  To  make  use  of  the  unique  spectral  properties  of  MOD  lenses  and  to 
ensure  a  minimum  level  of  diffraction  efficiency,  the  operating  wavelengths  should  be  nearly  equal  to  the 
resonance  wavelengths.  In  terms  of  diffraction  efficiency,  the  ideal  operating  wavelengths  are  those  for  which  the 
efficiency  equals  100  %.  These  wavelengths  can  be  determined  through  use  of  the  expression  for  the  m^  order 
diffraction  efficiency,  =  sinc^[a(X)p  -  m],  where  a(X)  =  [Xo(n(A,)-l)]/[X  (n(Xo)-l)]  is  a  wavelength  detuning 
factor,  and  n(X)  is  the  refractive  index  of  the  material.  Since  the  effect  of  material  dispersion  is  relatively  small, 
the  efficiency  maxima  occur  near  the  resonance  wavelengths. 

Adding  refractive  power  also  results  in  a  reduction  in  the  rate  of  change  of  power  as  a  function  of  wavelength. 

This  dispersion  reduction  may  be  enough  to  accommodate  the  spectral  fluctuations  exhibited  by  diode  lasers.  The 
design  bandwidth  for  such  devices  it  typically  20  nm.  For  diode  systems  which  are  relatively  fast,  this  dispersion 
may  need  to  be  constrained  directly  in  the  first-order  design. 


Theory 

The  concept  of  overlaying  multiple  diffractive  lenses  was  recently  introduced^  for  a  broadband  imaging 
application.  In  this  case  a  standard  diffractive  lens  was  combined  with  a  MOD  lens  to  offset  the  effects  of  material 
dispersion.  Generalizing  this  idea,  the  following  expression  is  written  for  the  power  of  N^ef  thin  refractive  lenses 
and  Ndiff  diffractive  lenses  in  contact  at  an  operating  wavelength, 
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The  curvature  and  refractive  index  of  the  i*  refractive  element  are  given  by  Cjand  nj,  respectively.  The  factor,  mjk, 
represents  the  diffraction  order  of  the  diffractive  element  for  the  wavelength,  and  Aj  is  a  physical  design 
parameter  given  by 

4). 

A- - ^ —  (2) 
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In  this  expression  pj  is  an  integer  that  specifies  the  integer  number  of  waves  of  OPD  at  the  edge  of  each  diffractive 
zone,  (X-dee)]  is  the  design  wavelength  of  the  diffractive  lens,  and  (|)j  is  the  power  of  the  diffractive  lens  at  the 
resonant  wavelengths,  p(^dee)j  /m  .  The  parameter,  Aj,  is  analogous  to  the  curvature  Cj,  since  it  describes  the 
physical  structure  of  a  lens  and  remains  unchanged  as  the  operating  wavelength,  Xk,  is  varied.  A  similar 
expression  for  the  derivative  of  the  lens  power  can  be  written  as 

Nfef  Ndiff 

=  Sci  ni‘(Xk)  +  Z  Aj  mjk  0) 

i=l  j=l 

where  the  prime  symbol  denotes  the  derivative  with  respect  to  wavelength.  The  resulting  system  of  equations  can 
be  expressed  as 


ni(Xi)-l  n2(A,i)-l  miiXi  m2i  Xj 

Cl 

<6tot 

WiCXz)-!  n2(X2)-l  0112X2  0122X2 

C2 

Oi’(Xi)  02’  (Xi)  ■  oiii  0121  ••• 

Ai 

— 

0 

Oi’(X2)  O2’  (X2)  OI12  OI22 

Aa 

0 

— — 

—  "■  — 

where  represents  the  target  power  at  each  of  the  operating  wavelengths,  and  the  value  of  the  derivative  of  the 
power  is  arbitrarily  set  equal  to  zero.  Each  row  corresponds  to  a  specific  operating  wavelength  and  each  column 
corresponds  to  a  specific  lens  element.  If  the  number  of  rows  in  the  matrix  equals  the  number  of  variables  given  in 
the  column  vector  on  the  LHS,  then  at  least  one  solution  exists.  This  assumes  that  no  two  columns  in  the  matrix 
are  multiples  of  one  another  since  they  could  be  combined  causing  a  reduction  in  the  number  of  variables  by  one. 
This  assumption  implies  a  restriction  on  overlapping  multiple  diffractive  lenses  which  can  be  expressed  solely  in 
terms  of  the  diffraction  orders  as 

m. 

— ^  =  constant,  for  all  k  in  two  columns 

If  this  condition  is  satisfied,  the  two  diffractive  lenses  are  not  independent  and  therefore  degenerate  into  one.  This 
restriction  prohibits  designing  a  diffractive  lens  by  simply  multiplying  the  values  for  p  and  m  of  another  diffractive 
lens  by  a  fixed  scale  factor.  Note  that  this  degeneracy  condition  is  analogous  to  defining  two  refractive  lenses  with 
the  same  material  (i.e,  refractive  index).  Examples  of  valid  combinations  of  overlaid  diffractive  lenses  include.  1) 
a  diffractive  lens  which  uses  the  same  diffracted  order  for  two  or  more  operating  wavelengths  combined  with 
another  diffractive  lens  which  utilizes  at  least  two  different  orders  for  different  operating  wavelengths  2)  a  MOD 
lens,  used  in  a  system  of  three  operating  wavelengths,  which  uses  three  consecutive  diffracted  orders  and  a  second 
MOD  lens  which  utilizes  orders  such  that  there  are  an  unequal  number  of  orders  between  the  operating 
wavelengths. 
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Design  Examples 

In  all  of  the  following  examples,  the  glass  is  BK7  and  the  nominal  focal  length  is  60  mm.  The  diffraction 
efiQciency  for  multiple  diffractive  lenses  is  calculated  as  the  product  of  the  individual  lens  efQciencies  at  each 
wavelength. 

Three-color  hybrid  apochromat 

This  lens  is  designed  to  have  the  same  power  at  three  different  wavelengths  and  is  formed  with  a  single  refractive 
lens  and  two  overlaid  diffractive  lenses.  A  potential  application  for  this  lens  type  is  a  color  laser  writer  which 
writes  to  a  spectrally  sensitive  substrate  such  as  photographic  film.  This  type  of  application  may  require  a 
relatively  fast  system  making  achromatic  correction  particularly  important.  The  following  operating  wavelengths 
are  assumed:  Xi  =  670  nm,  X2.  =  750  nm,  Xs  =  880  nm.  The  first  diffractive  lens  is  the  conventional  type  (p  =  1;  m 
=  1)  with  a  design  wavelength  given  by  (kdoB)i  =  ^  =  750  nm.  The  second  diffractive  lens  is  a  MOD  lens  with 
following  design  parameters,  which  are  chosen  to  maximize  the  diffraction  efficiency  at  each  of  the  operating 
wavelengths:  p  =  6;  m  =  6,  7,  8;  (kdesh  =  880  nm.  The  resonance  wavelengths  of  the  MOD  lens  are 
^re8,8  =  660  nm,  =  754  nm,  and  =  880  nm.  Using  equation  4,  one  can  solve  for  the  refractive  lens 
curvature,  c,  and  the  diffractive  lens  parameters,  Ai  and  A2.  The  total  power  of  the  hybrid  lens  is  distributed 
among  the  three  lenses  as:  101.63%  :  2.69%  :  -4.32%  (ref :  standard  diff :  mod). 

The  chromatic  behavior  of  this  lens  is  illustrated  in  Fig.  1(a)  which  shows  the  focal  length  and  the  diffiaction 
efficiency  as  functions  of  wavelength.  The  diffraction  efficiencies  at  each  of  the  operating  wavelengths  (shortest  to 
longest)  are  equal  to  94%,  98%,  and  93%,  respectively.  The  slopes  of  the  focal  length  curves  are  roughly  the  same 
and  given  by  3.7pm/nm.  A  wavelength  shift  of  10  nm  for  one  of  the  lasers  results  in  a  focus  error  of  0.037  mm. 

For  an  F/5  system,  this  is  nearly  equal  to  the  depth  of  focus.  In  this  case  the  laser  spectral  output  would  have  to  be 
better  controlled.  For  slower  systems,  this  focus  error  may  be  tolerable  but  it  might  be  more  appropriate  to  use  a 
standard  hybrid  achromat  designed  to  unite  the  focii  for  the  wavelengths,  Xi  and  ^,3. 

Two-color  hybrid  achromat 

This  lens  is  designed  to  have  the  same  power  at  two  wavelengths  and  a  value  of  zero  for  the  derivative  of  the  power 
at  one  of  the  wavelengths.  It  is  formed  with  a  single  refractive  lens  and  two  overlaid  diffiactive  lenses.  Such 
chromatic  properties  may  be  appropriate  for  a  high  speed  system  which  incorporates  a  diode  alignment  laser 
without  any  special  controls  over  the  emitted  wavelength  and  a  spectrally  stable  laser.  A  potential  application  is 
high  resolution  laser  machining.  The  following  wavelengths  are  assumed:  =  500  nm  (primary  beam),  X2  =  670 
nm  (diode).  The  derivative  of  the  power  is  set  equal  to  zero  at  the  diode  wavelength.  The  first  diffiactive  lens  is 
the  conventional  type  (p  =  1;  m  =  1)  with  a  design  wavelength  given  by  (Xdes)i  =Xi  =  500  nm.  The  second 
diffiactive  lens  is  a  MOD  lens  with  the  following  design  parameters:  p  ==  4;  m  =  3,  4;  (7.des)2  =  Xi=  500  nm.  The 
resonance  wavelengths  of  the  MOD  lens  are  Xres,4  “  500  nm  and  X^e^^  =  667  nm.  The  total  power  of  the  hybrid  lens 
is  distributed  among  the  three  lenses  as:  97.69%  ;  0.92%  ;  1.39%  (ref :  standard  diff :  mod). 

Fig.  1(b)  shows  the  focal  length  and  the  diffraction  efficiency  as  functions  of  wavelength.  The  diffraction 
efficiencies  at  each  of  the  operating  wavelengths,  Xi  and  X2,  are  100%  and  79%,  respectively.  The  reduced 
efficiency  for  X2  results  from  setting  the  design  wavelength  of  the  standard  diffiactive  lens  to  be  equal  to  Xi. 

Two-color  hybrid  achromat 

This  lens  is  similar  to  the  previous  two-color  hybrid  achromat  but  with  no  constraint  on  the  derivative  of  the  power 
and  is  formed  with  a  single  refractive  lens  and  a  single  MOD  lens.  This  lens  type  may  be  useful  in  a  two  laser 
application  where  the  diffraction  efficiencies  must  approach  100%  at  both  of  the  operating  wavelengths.  The 
following  relevant  parameters  are  assumed:  Xi  =  500  nm,  X2  =  670  nm  ;  p  =  3;  m  -  4,  3;  (Xdes)i  =  665  nm.  The 
total  power  of  the  hybrid  lens  is  distributed  among  the  two  lenses  as:  25.77%  :  74.23%  (ref :  mod). 

Fig.  1(c)  shows  the  focal  length  and  the  diffraction  efficiency  as  functions  of  wavelength.  The  diffraction 
efficiencies  at  each  of  the  operating  wavelengths,  Xi  and  X2,  are  99.3%  and  99.8  %,  respectively.  The  relatively 
steep  slope  of  the  focal  length  curves,  due  to  the  strong  diffractive  component,  dictates  that  the  laser  wavelengths 
should  not  deviate  from  their  design  values. 
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Summary 

By  combining  multiple  diffractive  lenses  with  one  or  more  refractive  lenses,  a  variety  of  achromatic  lens  types  can 
be  designed.  These  lenses  are  particularly  suited  to  laser  applications  which  require  achromatic  behavior  at  a 
discrete  set  of  operating  wavelengths.  These  lens  types  offer  the  same  advantages  that  conventional  hybrid 
achromats  provide  including  fewer  lens  materials  (i.e.  elements)  and  reduced  surface  curvatures.  In  fact,  it  is 
possible  to  design  a  three-color  apochromat  using  a  single  lens  material.  The  design  of  these  lenses  involves 
making  judicious  choices  for  the  diffractive  design  wavelengths  as  well  as  the  physical  parameter,  p,  described 
earlier.  For  a  system  where  the  operating  wavelengths  are  relatively  close  to  one  another,  a  conventional  doublet 
design  (either  refractive  or  standard  hybrid)  may  be  the  most  appropriate  choice,  since  the  change  in  power  over 
the  small  spectral  band  may  be  tolerable.  However,  for  high  speed  systems  in  which  chromatic  aberration  must  be 
tightly  controlled  or  systems  in  which  the  spectral  separation  is  relatively  large,  these  new  hybrid  lenses  provide  an 
alternative  to  existing  achromatic  design  forms. 
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Figure  1.  In  the  three  graphs  shown,  the  bell 
shaped  curves  correspond  to  the  diffraction 
efficiencies,  qm,  and  the  other  curves 
correspond  to  the  focal  lengths.  The  same  line 
type  is  used  for  the  focal  length  and  the 
diffraction  efficiency  for  each  diffracted  order, 
(a)  three-color  apochromat  -  dashed,  m=8; 
solid,  m=7;  dotted,  m=6,  (b)  two-color 
achromat  -  dashed,  m=4;  solid,  m=3,  (c)  two- 
color  achromat  -  dashed,  m=4;  solid,  m=3. 
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Design  Examples 

In  all  of  the  following  examples,  the  glass  is  BK7  and  the  nominal  focal  length  is  60  mm.  The  diffraction 
efficiency  for  multiple  diffiactive  lenses  is  calculated  as  the  product  of  the  individual  lens  efficiencies  at  each 
wavelength. 

Three-color  hybrid  apochromat 

This  lens  is  designed  to  have  the  same  power  at  three  different  wavelengths  and  is  formed  with  a  single  refractive 
lens  and  two  overlaid  diJQBractive  lenses.  A  potential  application  for  this  lens  type  is  a  color  laser  writer  which 
writes  to  a  spectrally  sensitive  substrate  such  as  photographic  film.  This  type  of  application  may  require  a 
relatively  fast  system  making  achromatic  correction  particularly  important.  The  following  operating  wavelengths 
are  assumed:  =  670  nm,  X2  =  750  nm,  X3  =  880  nm.  The  first  diffractive  lens  is  the  conventional  type  (p  =  1;  m 
=  1)  with  a  design  wavelength  given  by  (Xdes)i  =  =  750  nm.  The  second  diffractive  lens  is  a  MOD  lens  with 

following  design  parameters,  which  are  chosen  to  maximize  the  diffraction  effrciency  at  each  of  the  operating 
wavelengths:  p  =  6;  m  =  6,  7,  8;  =  880  nm.  The  resonance  wavelengths  of  the  MOD  lens  are 

Xre8,8=  660  nm,  =  754  nm,  and  =  880  nm.  Using  equation  4,  one  can  solve  for  the  refractive  lens 
curvature,  c,  and  the  diffractive  lens  parameters,  Ai  and  A2.  The  total  power  of  the  hybrid  lens  is  distributed 
among  the  three  lenses  as:  101.63%  :  2.69%  :  -4.32%  (ref :  standard  diff :  mod). 

The  chromatic  behavior  of  this  lens  is  illustrated  in  Fig.  1(a)  which  shows  the  focal  length  and  the  dififaction 
efficiency  as  functions  of  wavelength.  The  diffraction  efficiencies  at  each  of  the  operating  wavelengths  (shortest  to 
longest)  are  equal  to  94%,  98%,  and  93%,  respectively.  The  slopes  of  the  focal  length  curves  are  roughly  the  same 
and  given  by  3.7|im/nm.  A  wavelength  shift  of  10  nm  for  one  of  the  lasers  results  in  a  focus  error  of  0.037  mm. 

For  an  F/5  system,  this  is  nearly  equal  to  the  depth  of  focus.  In  this  case  the  laser  spectral  output  would  have  to  be 
better  controlled.  For  slower  systems,  this  focus  error  may  be  tolerable  but  it  might  be  more  appropriate  to  use  a 
standard  hybrid  achromat  designed  to  unite  the  focii  for  the  wavelengths,  Xi  and  X3. 

Two-color  hybrid  achromat 

This  lens  is  designed  to  have  the  same  power  at  two  wavelengths  and  a  value  of  zero  for  the  derivative  of  the  power 
at  one  of  the  wavelengths.  It  is  formed  with  a  single  refractive  lens  and  two  overlaid  diffractive  lenses.  Such 
chromatic  properties  may  be  appropriate  for  a  high  speed  system  which  incorporates  a  diode  alignment  laser 
without  any  special  controls  over  the  emitted  wavelength  and  a  spectrally  stable  laser.  A  potential  application  is 
high  resolution  laser  machining.  The  following  wavelengths  are  assumed:  Xi  =  500  nm  (primary  beam),  X2  =  670 
nm  (diode).  The  derivative  of  the  power  is  set  equal  to  zero  at  the  diode  wavelength.  The  first  diffractive  lens  is 
the  conventional  type  (p  =  1;  m  =  1)  with  a  design  wavelength  given  by  (Xdefi)i  =  =  500  nm.  The  second 

diffractive  lens  is  a  MOD  lens  with  the  following  design  parameters:  p  =  4;  m  =  3,  4;  =  Xi=  500  mn.  The 

resonance  wavelengths  of  the  MOD  lens  are  Xres,4  =500  nm  and  =  661  nm.  The  total  power  of  the  hybrid  lens 
is  distributed  among  the  three  lenses  as:  97.69%  :  0.92%  :  1.39%  (ref :  standard  diff :  mod). 

Fig-  l(t))  shows  the  focal  length  and  the  diffraction  efficiency  as  functions  of  wavelength.  The  diffraction 
efficiencies  at  each  of  the  operating  wavelengths,  Xi  and  X2,  are  100%  and  79%,  respectively.  The  reduced 
efficiency  for  X2  results  from  setting  the  design  wavelength  of  the  standard  diffractive  lens  to  be  equal  to  Xi. 

Two-color  hybrid  achromat 

This  lens  is  similar  to  the  previous  two-color  hybrid  achromat  but  with  no  constraint  on  the  derivative  of  the  power 
and  is  formed  with  a  single  refractive  lens  and  a  single  MOD  lens.  This  lens  type  may  be  useful  in  a  two  laser 
application  where  the  diffraction  efficiencies  must  approach  100%  at  both  of  the  operating  wavelengths.  The 
following  relevant  parameters  are  assumed:  Xi  =  500  nm,  X2  =  670  nm  ;  p  =  3;  m  -  4,  3;  (X^aes)!  ="  665  nm.  The 
total  power  of  the  hybrid  lens  is  distributed  among  the  two  lenses  as:  25.77%  :  74.23%  (ref :  mod). 

Fig  1(c)  shows  the  focal  length  and  the  diffraction  efficiency  as  functions  of  wavelength.  The  diffraction 
efficiencies  at  each  of  the  operating  wavelengths,  Xi  and  X2,  are  99.3%  and  99.8  %,  respectively.  The  relatively 
steep  slope  of  the  focal  length  curves,  due  to  the  strong  diffractive  component,  dictates  that  the  laser  wavelengths 
should  not  deviate  from  their  design  values. 
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Summary 

By  combining  multiple  diffractive  lenses  with  one  or  more  refractive  lenses,  a  variety  of  achromatic  lens  types  can 
be  designed.  These  lenses  are  particularly  suited  to  laser  applications  which  require  achromatic  behavior  at  a 
discrete  set  of  operating  wavelengths.  These  lens  types  offer  the  same  advantages  that  conventional  hybrid 
achromats  provide  including  fewer  lens  materials  (i.e.  elements)  and  reduced  surface  curvatures.  In  fact,  it  is 
possible  to  design  a  three-color  apochromat  using  a  single  lens  material.  The  design  of  these  lenses  involves 
making  judicious  choices  for  the  diffractive  design  wavelengths  as  well  as  the  physical  parameter,  p,  described 
earlier.  For  a  system  where  the  operating  wavelengths  are  relatively  close  to  one  another,  a  conventional  doublet 
design  (either  refractive  or  standard  hybrid)  may  be  the  most  appropriate  choice,  since  the  change  in  power  over 
the  small  spectral  band  may  be  tolerable.  However,  for  high  speed  systems  in  which  chromatic  aberration  must  be 
ti^tly  controlled  or  systems  in  which  the  spectral  separation  is  relatively  large,  these  new  hj^rid  lenses  provide  an 
alternative  to  existing  achromatic  design  forms. 
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Figure  1.  In  the  three  graphs  shown,  the  bell 
shaped  curves  correspond  to  the  diffraction 
efficiencies,  qm,  and  the  other  curves 
correspond  to  the  focal  lengths.  The  same  line 
type  is  used  for  the  focal  length  and  the 
diffraction  efficiency  for  each  diffracted  order, 
(a)  three-color  apochromat  -  dashed,  m=8; 
solid,  m=7;  dotted,  m=6,  (b)  two-color 
achromat  -  dashed,  m=4;  solid,  m"3,  (c)  two- 
color  achromat  -  dashed,  m=4;  solid,  m-3. 
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Within  the  context  of  image  processing,  digital  image  halftoning  is  an  important  class  of 
analog-to-digital  (A/D)  conversion.  Halftoning  can  be  thought  of  as  an  image  compression 
technique  whereby  a  continuous-tone,  gray-scale  image  is  printed  or  displayed  using  only  binary- 
valued  pixels.  One  method  to  achieve  digital  halftoning  is  error  diffusion,  wherein  the  error 
associated  with  a  nonlinear  quantization  process  is  diffused  within  a  local  region.  One  of  us 
(BLS)  has  developed  a  neural  network  architecture  based  on  the  mathematical  foundation  of  the 
error  diffusion  algorithm  that  is  called  an  error  diffusion  neural  network  [1].  The  error  diffusion 
neural  network  computes  the  halftoned  image  asymptotically  faster  than  a  conventional  Hopfield- 
type  neural  network,  provides  fuU-rank  connectivity  across  the  entire  image  (other  error  diffusion 
techniques  provide  only  local  error  diffusion),  and,  because  of  its  parallel  implementation,  does 
not  generate  any  artifacts  commonly  associated  with  sequential  halftoning.  Figure  1  is  a 
representation  of  a  smart-pixel-based  architecture  for  an  optical  implementation  of  the  error 
diffusion  algorithm.  The  functionality  required  of  the  error  diffusion  neural  network  is 
implemented  using  gallium  arsenide  (GaAs)  and  aluminum  gallium  arsenide  (AlGaAs)  multiple 
quantum  well  modulators.  The  two-dimensional  spatial  distribution  and  intensity  weighting 
required  of  the  error  diffusion  filter  is  accomplished  using  a  diffractive  array  generator.  We  report 
here  on  the  design  of  the  array  generator. 

The  desired  diffusion  matrix  is 
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These  weights  describe  the  intensity  of  the  desired  generated  array.  Because  of  the  sensitivity  of 
the  human  visual  system  to  directional  artifacts,  circular  symmetry  of  the  frequency  response  is  a 
key  requirement  in  the  design  of  this  filter.  If  an  eight-level  phase-only  array  generator  is 
assumed,  the  diffraction  efficiency  upper  bound  for  this  array  is  91.15%  [2].  We  used  the  upper 
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bound  solution  as  an  initial  input  to  the  iterative  Fourier  transform  algorithm  [3]  to  design  a  128  x 
128  eight-level  phase-only  array  generator.  The  phase  function  for  a  single  period  of  the  array 
generator  is  represented  in  Fig.  2.  The  calculated  diffraction  efficiency  of  the  array  generator  is 
91.97%  and  root-mean-squaie  fluctuation  in  amplitude  is  only  0.0026. 

The  geometry  of  the  opto-electronics  is  such  that  the  horizontal  spacing  between  quantum 
well  modulators  is  twice  that  of  the  vertical.  This  is  evident  in  Fig.  3,  which  is  a  representation  of 
the  mask  set  necessary  to  fabricate  the  array  generator.  The  element  has  been  submitted  for 
fabrication  to  the  diffractive  optics  foundry  run  sponsored  by  the  ARPA  CO-OP.  The  specifics  of 
the  design  are  indicated  below. 

Given 

wavelength  X  =  850  nm 

focal  length/=  50  mm 

spot  spacing  d,  X  =  160  |J.m  X  80  |j,m 

DOE  size  Dx  X  £)y=  1  cm  x  1  cm 

minimum  feature  x  Ay  =  2.1  jim  x  4.2  |im 


Calculated 

grating  period  W,  x  Wy  =  Xf/dx  x  Xf/dy  =  265.625  \im  x  531.25  |im 
number  of  replicas  Af^  x  Afy  =  DJW^  x  Dy/Wy  =  37.647  x  18.824 
lattice  size  Lx  xLy  =  WjAx  x  Wy/Ay  =  126.49  x  126.49 

Designed 

128  X  128  array  generator  replicated  37  x  18  times 

grating  period  (128*2.1  pm)  x  (128*4.2  pm)  =  268.8  pm  x  537.6  pm 

DOE  size  (37*268.8  pm)  x  (18*537.6  pm)  =  9.9456  mm  x  9.6768  mm 

spot  spacing  (850  nm*50  mm)*(l/268.8  pm  x  1/537.6  pm)  =  158.11  pm  x  79.06  pm 

spot  size  "(850  nm*50  mm)/l  cm  =  4.25  pm 
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Figure  1*  Architecture  for  optical  impiementatioii 
of  error  difhisioii  neural  network. 


128  X  128  8-leveI  phase-only  diffusion  matrix  array  generator 
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Figure  2.  Representation  of  single  period  of  phase  for 
an  eight-phase  level  diffusion  matrix  array  generator. 


Figure  3.  Representation  of  single  period  of  mask  set  necessary  to  fabricate  eight-phase  level  diffusion 
matrix  array  generator.  Binary  mask  for  (a)  TC-phase,  (b)  7c/2-phase,  and  (c)  7c/4-phase  etches. 
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The  electric  field  E  is  the  most  significant  of  the  several  fields  of  electromagnetic  radiation, 
because  it  indicates  regions  of  dielectric  response.  The  nodes  and  antinodes  of  plane  wave 
structure  are  clearly  visible  in  plots  of  the  E  field,  as  are  regions  of  localized  enhancement 
near  grating  surfaces.  It  is  in  these  enhanced  field  regions  that  one  expects  to  find  the 
strongest  photoelectric  response,  or  the  first  damage  as  the  field  is  increased. 

The  electromagnetic  energy  density  W  ,  though  uniform  for  simple  standing  wave  patterns 
(above  a  mirror  or  high  efficiency  grating)  reveals  more  structure  around  the  grating 
interface  than  does  the  E  field.  It  reveals  mode  structure  and  evanescent  waves.  However, 
patterns  of  nodes  and  antinodes  in  energy  density  do  not  become  visible  through 
photoelectric  response,  and  regions  of  high  energy  density  are  not  necessarily  the  regions 
in  which  damage  occurs. 

When  there  are  no  dissipative  or  absorptive  sources  and  sinks  of  electromagnetie  radiation, 
as  is  the  case  for  an  ideal  dielectric  material,  then  the  Poynting  vector  S  is  a  divergenceless 
field.  It  can  have  curls  and  saddle  points  as  well  as  planes  along  which  there  is  uniform 
flow.  These  structures  do  not  correspond  in  an  intuitively  obvious  way  with  the  more 
important  structure  of  nodes  and  peaks  of  the  electric  field,  although  the  patterns  of  the  two 
fields  are  closely  tied. 

When  applied  to  resistive  electromagnetic  circuits,  the  Poynting  vector  describes  Joule 
heating.  The  Poynting  vector  has  been  used  to  provide  insight  into  the  behavior  of  metallic 
gratings,  whose  surfaces  are,  like  resistors,  sinks  for  electromagnetie  energy  .  In 

particular,  Popov  [1-3]  has  offered  plots  of  the  Poynting  vector  as  a  means  of 
understanding  how  grating  efficiency  varies  with  groove  depth,  passing  through  regimes  of 
high  and  low  diffraction  efficiency,  interspersed  with  regimes  of  high  and  low  specular 

reflection  [3]. 

Such  studies  have  had  great  value  for  the  understanding  of  metal  gratings.  It  is  natural  to 
hope  that  the  Poynting  vector  will  offer  insight  into  the  behavior  of  all-dielectric  gratings. 

Our  studies,  based  on  numerical  solutions  to  the  Maxwell  equations  using  the  multilayer 

modal  method  [4],  have  shown  that  although  it  is  possible  to  associate  changes  of  S  with 
changes  in  grating  construction,  not  all  of  these  changes  are  evident  in  the  far  field.  It  is 
particularly  noteworthy  that  small  changes  in  groove  shape  of  a  dielectric  grating  may, 
without  influencing  the  far  field  pattern  (i.e.  the  grating  efficiency)  or  the  near  E  field  cause 


JTuB6-2  /  127 


dramatic  changes  in  the  near-field  Poynting  vector;  rows  of  curls  may  shift  from  above 
grating  valleys  to  above  grating  peaks.  Furthermore,  the  planes  of  steady  flow  of  S  may 
flow  in  either  direction.  Unlike  the  situation  with  absorbing  material  (metallic  surfaces),  the 
flow  lines  of  S  in  a  dielectric  do  not  provide  indication  of  Joule  heating  or  other  observable 
effects. 

From  examining  the  appearance  of  E,  W  and  S  in  representative  cases,  we  conclude  that 
plots  of  S  may  not  be  as  useful  for  dielectric  gratings  as  they  are  for  metallic  structures. 
The  energy  density  W  is  a  much  more  intuitive  field  to  examine  than  is  S 

This  work  was  supported  under  the  auspices  of  the  U.S.  Department  of  Energy  at 
Lawrence  Livermore  National  Laboratory  under  contract  W-7405-Eng-48. 
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1.  INTRODUCTION 

White-light  Fourier  processing  techniques  allow  to  improve  the  signal-to-noise  ratio, 
to  use  non-laser  sources,  and,  of  course,  to  deal  with  color  input  signals.  Nevertheless,  con¬ 
ventional  optical  processing  operations  performed  with  broadband  illumination  are  severally 
limited  due  to  the  wavelength  dependence  of  the  diffraction  phenomenon.  In  this  way,  the 
Fraunhofer  diffraction  pattern  of  the  input  transparency  is  chromatic  dispersed,  both  axial  and 
laterally  and,  furthermore,  the  insertion  of  spatial  filters  at  the  frequency  plane  produces  ad¬ 
ditional  chromatic  effects  at  the  output  plane. 

Achromatic  Fourier  transformers  are  designed  to  partially  compensate  for  the  chro¬ 
matic  dispersion  of  the  Fraunhofer  diffraction  pattern  [1].  In  this  direction,  two  different  opti¬ 
cal  architectures,  constituted  by  a  small  number  of  diffractive  lenses  and  achromatic  objec¬ 
tives,  providing  the  achromatic  representation  of  the  optical  Fourier  transform  of  any  color 
input  signal  with  low  chromatic  aberration  under  white-light  point  source  illumination  have 
been  recently  proposed  [2,3].  The  optical  Fourier  transform  provided  by  the  above  optical 
setups  is  located,  in  a  first-order  approximation,  in  a  single  real  plane  and  with  the  same 
magnification  for  all  the  wavelengths  of  the  incident  light.  In  a  different  context,  it  is  also 
possible  to  design  acliromatic  imaging  systems  using  diffractive  optical  elements  and  con¬ 
ventional  lenses  [4,5]. 

Combining  both  achromatic  Fourier  transforming  concepts  and  diffractive  imaging 
methods,  in  this  contribution  we  report  a  novel  achromatic  Fourier  processor  under  white- 
light  point  source  illumination.  The  first  part  of  our  optical  proposal  is  an  achromatic  Fourier 
transformer  that  uses  solely  two  on-axis  blazed  diffractive  lenses.  By  adding  only  an  achro¬ 
matic  objective  and  a  third  zone  plate,  the  whole  arrangement  acts  as  an  achromatic  imaging 
configuration  that,  thus,  images  the  input  transparency  into  the  output  plane  preserving  the 
achromatic  correction  in  the  intermediate  Fraunhofer  plane.  With  a  different  approach,  other 
achromatic  Fourier  processors  have  been  previously  reported  [6-8].  However,  they  are  consti¬ 
tuted  by  a  large  number  of  optical  components  and/or  the  residual  chromatic  errors  are  very 
important.  The  formation  of  the  final  image  can  be  understood  in  all  the  above  cases  as  a 
double  achromatic  Fourier  transforming  process  in  cascade. 

Our  configuration  provides  an  intermediate  achromatic  Fourier  transform  with  low 
chromatic  aberration  and,  neglecting  the  secondary  chromatic  aberration  of  the  refractive  ob¬ 
jective,  a  final  image  with  no  chromatic  error.  This  achromatic  optical  processor  is  well- 
adapted  to  extend  the  conventional  monochromatic  spatial  filtering  techniques  to  white-light 
with  noteworthy  results.  Now,  our  optical  processor  can  perform  the  same  spatial  filtering 
operation  for  all  the  spectral  components  of  the  broadband  illumination  simultaneously. 
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2.  ACHROMATIC  FOURIER  TRANSFORMER 

Let  us  consider  an  input  transparency  illuminated  by  a  broadband  spherical  wavefront 
beam  converging  towards  the  point  source  S  located  at  a  normal  distance  z  from  the  aperture. 
It  is  possible  to  recognize  that  a  separated  diffractive  doublet,  which  consists  of  two  on-axis 
zone  plates  ZP  j  and  ZP2  in  such  a  way 
that  ZP2  is  positioned  at  the  source  Transparency 
plane,  is  able  to  provide  an  achromatic  zone  plate 

representation  of  the  Fourier  transform  1  zone  plate 

.  ....  ^  1  Achromatic 

of  the  input,  as  is  depicted  in  Fig.l.  If  -  '  Frounhofer  plane 

we  denote  and  Z'q  as  the  focal  — ^  \ 

length  of  ZPj  and  ZP2,  respectively,  ^ 

for  the  reference  wave  number  ,  the  Iv^ — if^ 

achromatic  condition  leads  to  the 

constraint  [3]  ^ 

d  =— ZqZ(j  ,  (1) 

where  d  is  the  separation  between  the 

two  zone  plates.  ^ ' 


Achromatic 
Fraunhofer  plane 


Figure  1. 


In  this  way,  the  Fraunliofer  diffraction  pattern  of  the  diffracting  screen  is  obtained,  in 
a  first-order  approximation,  at  a  distance  Z)  ^  from  ZP2  such  that 


"  d  +  2Z^  ^/a-2  ° 

where  the  dimensionless  parameter  a  is  defined  as  a  =  -  Z'^,  /  Z^,.  In  order  to  manipulate  the 
spectral  content  of  the  input  object  we  must  obtain  a  real  achromatic  Fraunliofer  plane,  i.e. 
D'o  ^  9-  This  later  fact  implies  that  ZP]  and  ZP2  should  be  a  diverging  and  a  converging  zone 
plate,  respectively,  and  a  must  satisfy  the  inequality  0  <  a  <  4. 

Since  we  develop  a  first-order  theory,  the  setup  suffers  from  residual  cliromatic  aber¬ 
rations.  For  cTp  =  being  C]  and  02  the  end  wave  numbers  of  the  incoming  radiation, 

it  is  possible  to  show  that  the  greatest  value  of  both  the  axial  and  the  lateral  geometrical 
chromatic  error,  CA^^,  expressed  as  a  percentage,  is  given  by 


CAf^  - 


+  ^(2-^) 


where  p  =  02  takes  into  account  the  spectral  bandwidth  of  the  incident 

light.  It  is  important  to  note  that  the  achromatization  of  the  Fourier  transforming  process  in 
intensity  remains  unaltered  by  the  position  of  the  input  along  the  optical  axis  of  the  system. 


3.  ACHROMATIC  IMAGING  SYSTEM 

In  order  to  design  the  acliromatic  Fourier  processor  we  think  about  the  whole  optical 
setup  as  an  achromatic  imaging  system  whose  first  half  performs  an  achromatic  Fourier  trans¬ 
formation  of  the  input  transparency.  Following  Morris'  study  [5],  we  consider  an  imaging 
system  constituted  by  two  on-axis  zone  plates,  ZPj  and  ZP3,  with  focal  length  Z'^  and  Z''^,  re¬ 
spectively,  for  the  design  wave  number  (Jq,  and  an  achromatic  objective  L,  with  focal  distance 
f,  located  between  tlie  two,  as  is  shown  in  Fig.2. 
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Let  an  input  object  O,  il-  J^^nsparency 
luminated  by  a  polycliromatic  light  jV  z°ne  Achromatic 

beam,  be  located  at  a  distance  d  of  x  '  -  Final 

ZPo.  It  is  apparent  that  if  we  are  -.|f^  '  Jmgsi^  plg.n? 

able,  in  some  way,  to  compensate  ^ ‘  / 

the  action  of  the  two  zone  plates, 
the  final  image,  O',  supplied  by  the 

optical  system  will  be  simply  _ 

given  by  the  action  of  the  refrac-  l 

five  objective  L.  Thus,  neglecting  ^zpj 

the  secondary  chromatic  aberration 

of  the  achromatic  lens,  we  will 

obtain  a  wavelength-independent  Figure  2. 

image  at  the  output  plane.  It  is  easy 
to  recognize  that  this  compensation 

can  be  accomplished  if  the  next  two  conditions  are  satisfied.  First,  ZP2  and  ZP3  are  located  at 
conjugate  planes  through  the  lens  L.  In  mathematical  terms,  the  distances  /  and  /'  (see  Fig.2) 
must  be  related  by 

/'=-^  =  -M/  ,  (4) 


Figure  2. 


where  M  is  the  lateral  magnification  between  the  conjugate  planes.  Second,  in  order  that  the 
image  of  ZP2  through  L  has  the  same  scale  than  ZP3,  i.e.,  the  same  focal  distance  (aside  from 
a  sign  change),  the  focal  lengths  Z'^  and  Z'\  must  be  linked  by  the  relation 


=  Z', 


In  this  way,  the  image  O’  appears  just  at  the  conjugate  plane  of  O  through  L.  That  is. 


at  a  distance  Z'q  from  ZP3  such  that 

r  = _ -JlA _ .. 

°  (i-f)(i+d-f) 


■M  Mo  d 


where  is  the  lateral  magnification  between  O  and  O'  given  by  the  objective.  Although  1'^ 
is  in  principle  negative,  a  real  final  image  can  be  obtained  by  simply  adding  a  second  achro¬ 
matic  objective  at  the  end  of  the  setup. 


4.  ACHROMATIC  PROCESSOR 

The  appropriate  combination  of  the  optical  setups  shown  in  Figs.l  and  2  provides  an 
achromatic  Fourier  processor  as  we  show  next.  The  whole  setup  corresponding  to  our  optical 
processor  is  shown  in  Fig. 3.  The  first  two  zone  plates,  ZP  j  and  ZP2,  perform  the  achromatic 
Fourier  transformation  of  the  input  transparency.  Our  Fourier-transform  configuration  is 
constructed  following  the  prescriptions  of  section  3.  Thus,  the  achromatic  condition  is  fixed 
by  Eq.(l)  and  the  achromatic  Fraunhofer  plane  is  located  at  a  distance  D'^  from  ZP2  given  by 
Eq.(2).  The  Fourier  processor  is  then  achieved  by  adding  the  achromatic  objective  L  and  the 
third  zone  plate  ZP3  in  such  a  way  that  the  position  and  the  focal  length  of  ZP3  are  deter¬ 
mined  by  Eqs.(4)  and  (5),  respectively.  In  this  way,  the  three  optical  elements  ZP2,  L,  and 
ZP3  act  as  an  achromatic  imaging  system  provided  that  the  input  transparency  be  located  just 
against  the  first  zone  plate  ZP|.  The  final  image  plane  is  then  located  at  a  distance  1'^  from 
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Figure  3. 


ZP3  given  by  Eq.(6).  We  can  define  the  total  length  of  our  processor  as  the  distance 
e^d+l  +  r. 

To  optimize  the  optical  system,  the  focal  distances  and  Z'^  are  selected  in  such  a 
way  that  a  has  a  small  value.  In  this  way,  we  obtain  the  Fourier  transform  of  the  input  with 
low  residual  chromatic  aberrations.  To  minimize  the  total  length  of  the  setup,  it  is  convenient 
to  choose  /'  such  that  /'  =  /  =  2/  and  thus  M=  -1.  By  inserting  this  result  into  Eq.(5),  we  de¬ 
rive  that  Z"o  =  -  Z'q.  Finally,  for  inserting  a  spatial  filter  at  the  achromatic  Fraunhofer  plane 
of  the  setup  the  distance  1  must  be  grater  than  D'^  and,  thus,  the  focal  length / must  fulfill  the 
inequality  /  >  D'J2. 

We  will  report  some  experimental  verifications  of  the  above  procedure.  In  particular, 
the  novel  spatial  filtering  capabilities  of  our  acliromatic  Fourier  processor  will  be  illustrated 
in  a  color  multiple  imaging  experiment. 
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1  Introduction 

The  design  of  first  generation  free  space  laser  communication  systems  is  based  on  laser  diodes  with 
output  powers  in  the  order  of  100  mW  [1].  The  data  rate  transmission  is  in  the  order  of  100  Mbit/s. 
This  leads  to  terminals  with  large  transmitter  and  receiver  telescope  diameters  and,  consequently,  to 
high  terminal  mass  and  dimensions.  The  optical  systems  are  usually  designed  with  refractive  lenses  and 
reflective  mirrors.  Alternatives  are  planar  diffractive  optical  elements  (DOEs).  By  relying  on  diffraction 
and  interference  rather  than  on  reflection  and  refraction,  unique  and  novel  properties  can  be  realized. 
Almost  any  structure  shape,  including  non-rotationally  symmetric  aspherics,  can  be  manufactured, 
which  provides  all  degrees  of  freedom  for  the  design.  Other  interesting  aspects  of  DOEs  are  their 
low  weight,  their  strong  dispersion,  and  the  possibility  to  make  segmented  elements,  large  arrays  of 
elements,  beamsplitters,  and  polarizers.  These  properties  are  useful  for  many  applications  of  DOEs  in 
space,  including:  filters  for  image  data  processing  [2],  beam  shaping  [3,  4],  and  antireflection  structures 
[5,  6].  Furthermore,  the  combination  of  refractive  and  diffractive  surfaces  (hybrid  elements)  offers 
new  possibilities  for  optical  design.  The  negative  dispersion  of  DOEs  can  be  used  to  compensate  the 
chromatic  aberrations  of  refractive  lenses  [7,  8].  Hybrid  elements  can  also  be  used  to  compensate  the 
temperature  induced  variations  of  their  mounting  system  [9,  10].  Diffractive  optical  elements  for  space 
applications  must  comply  with  a  number  of  requirements,  including  mechanical,  thermal  and  optical 
stability  [8].  Suitable  techniques  for  realizing  the  microstructures  in  space  qualified  materials  are  based 
on  a  variety  of  high  resolution  lithographic  and  optical  processes  [11]. 

In  this  paper,  we  discuss  the  design  and  experimental  realization  of  a  ring  pattern  generator  allowing 
tracking  and  data  transmission  within  one  optical  element.  This  work  has  been  done  in  the  framework 
of  an  ESA  project  [12,  13]. 


2  Tracking/Receiver  System 

A  schematic  of  a  typical  tracking/receiver  system  of  the  optical  head  of  a  laser  communication  system 
is  shown  Fig.  1.  The  tracking  sensor  consists  of  a  4-quadrant  detector  with  a  central  hole  which  acts 
as  a  field  stop  for  the  subsequent  receiver  optics.  The  specific  task  of  the  diffractive  optical  element, 
situated  at  the  entrance  of  the  tracking/receiver  system,  consists  of  focusing  the  incoming  beam  into 
the  central  hole  (receiver  signal)  while  generating  a  ring  intensity  pattern  in  the  tracking  detector 


ring  diffraction  pattern 
point 


:2  r 


4-quadrant  detector 


Tracking  sensor 
(top  view) 


Figure  1:  Principles  of  the  tracking/receiving  system,  a)  side  view,  b)  top  view.  Changes  of  the  relative 
positions  of  the  sending  and  receiving  communication  terminals  are  directly  translated  into  a  shift  of 
the  ring  intensity  pattern  on  the  tracking  sensor,  which  can  be  measured  by  means  of  the  4-quadrant 
detector. 
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plane  (tracking  signal).  Changes  of  the  relative  positions  of  the  sending  and  receiving  communication 
terminals  are  directly  translated  into  a  shift  of  the  ring  intensity  pattern  on  the  tracking  sensor,  which 
can  be  measured  by  means  of  the  4-quadrant  detector. 

Different  design  methods  exist  for  the  tracking/receiver  DOE.  The  two  specific  tasks  may  be  made 
by  a  segmented  element.  This  means  that  the  surface  of  the  DOE  is  divided  into  two  parts;  A  simple 
lens  function  in  one  part  for  the  focusing  point,  and  a  radially  shifted  lens  function  in  the  other  part 
for  generation  of  the  ring  pattern  (segmented  aperture  design).  An  alternative  technique  is  to  generate 
the  ring  pattern  by  the  first  diffraction  order  of  a  rotational  blazed  grating  structure  combined  with 
a  focusing  function.  The  focal  point  in  the  center  is  then  realized  by  the  zero  order  of  the  grating 
structure.  In  this  case,  both  functions  are  generated  by  the  whole  element,  thus  have  the  same  aperture 
(common  aperture  design).  The  two  design  strategies  are  shown  in  Fig.  2  a)  and  b). 


Figure  2:  Two  different  design  approaches  for  the  tracking/receiver  element,  a)  Segmented  aperture 
design,  b)  common  aperture  design,  c)  the  phase  function  of  the  segmented  element,  d)  the  phase 
function  of  the  common  aperture  element. 

DOEs  are  mainly  described  by  their  phase  function.  For  the  segmented  aperture  design  each  segment 
has  its  own  phase  function.  In  the  case  of  the  tracking/receiver  DOE  the  phase  function  (j)  is  then  given 

by 


for  rseg  <r  <  a 


•  ring  } 


for  0  <  r  <  rseg 


(1) 


where  k  is  the  wave  vector,  /  the  focal  length  of  the  tracking  system,  rring  the  radius  of  the  ring  intensity 
pattern  on  the  4-quadrant  detector,  2a  the  diameter  of  the  DOE,  and  rseg  l^he  radius  of  separation  of 
the  two  different  segments.  The  function  <j)(r)  is  shown  in  Fig.  2  c).  The  advantage  of  this  concept  is 
that  the  ratio  of  the  energy  used  for  tracking  (ring)  and  the  energy  used  for  the  receiver  (focal  point) 
is  directly  given  by  the  ratio  of  the  surfaces  of  the  two  segments  (i.e.  {rseg  /o)^  )•  Furthermore,  the 
two  optical  functions  can  be  tested  and  characterized  independently  by  covering  one  of  the  segments. 
However,  a  drawback  of  this  concept  might  be  that  the  system  is  not  shift  invariant,  i.e.  a  change  of 
the  input  intensity  distribution  directly  affects  the  output  functions.  Also,  the  radius  of  the  diffraction 
spot  of  the  focus  and  the  width  of  the  ring  are  given  by  the  aperture  of  the  corresponding  segments. 
This  can  lead  to  design  problems.  In  particular,  if  much  more  energy  has  to  be  in  the  central  point  than 
in  the  ring,  the  surface  of  the  segment  used  to  generated  the  ring  becomes  small,  thus,  the  width  of  the 
ring  gets  very  large  due  to  diffraction.  On  the  other  hand,  if  much  more  energy  has  to  be  in  the  ring 
than  in  the  point,  the  point  becomes  very  large.  Depending  on  the  design  specifications  the  segmented 
approach  may  not  be  satisfying.  The  above  mentioned  problem  can  be  avoided  by  the  common  aperture 
design. 


134  /  JTuB8-3 


The  phase  function  of  the  common  aperture  design  is  composed  of  a  lens  function  and  a  blazed 
grating  structure  defined  over  the  entire  aperture 

= -^r- +  /i  mod(^,  1),  (2) 

where  A  is  the  period  of  the  grating  structure,  h  is  the  phase  depth  of  the  grating  structure  and  mod(a,  b) 
is  the  modulo  function  (also  referred  to  the  fractional  part  of  the  division  a/6)  .  The  phase  function 
(j){r)  is  shown  in  Fig.  2  d).  The  grating  period  A  determines  the  beam  deflection  of  the  first  diffraction 
order,  thus,  the  radius  of  the  ring,  while  the  phase  depth  of  the  grating  structure  h  determines  the 
energy  distribution  in  the  different  diffraction  orders.  The  diffraction  efficiency  of  the  first  order  of  a 
blazed  phase  grating  is  given  by 


?n  =  siir  .  (3) 

For  a  27r-deep  blazed  structure  only  the  first  diffraction  order  has  energy,  therefore,  only  a  ring 
structure  without  central  peak  is  generated.  If  the  phase  depth  differs  from  27r,  then  the  zero  order  will 
also  get  some  energy,  but  also  higher  orders  appear,  i.  e.  rings  of  radius  2rringi  ^^ring^  ^tc  are  created. 
However,  these  higher  order  rings  don’t  affect  the  functionality  of  the  tracking  system.  In  this  approach 
the  diameter  of  the  diffraction  spot  is  given  by  the  aperture  of  the  whole  DOE,  and  is  therefore  smaller 
than  in  the  first  approach. 

Based  on  the  design  discussed  above  a  set  of  visible  light  demonstrators  (633  nm)  for  the  ring/point- 
generation  has  been  made,  with  a  focal  length  of  400  mm  and  a  diameter  of  the  generated  ring  of  15  mm. 
The  DOE  were  realized  in  fused  silica.  The  resulting  8-phase  level  elements  have  smallest  features  in 
the  order  of  4  /xm  for  the  segemented  design,  respectively,  1  fim  for  the  common  aperture  design. 

Figure  Fig.  3  a)  shows  the  diffraction  pattern  of  the  common  aperture  design.  Scans  trough  the 
focus  in  the  image  plan,  together  with  the  calculated  function  are  presented  in  Fig.  3  b)  and  c) 
for  the  segmented  aperture  and  the  common  aperture  design,  respectively.  The  measured  intensity 
distribution  shows  excellent  agreement  with  the  expected  theoretical  data.  The  difference  between 
theory  and  measurements  can  be  explained  by  etch  depth  errors  in  the  fabrication.  Also  it  turned  out 
that  the  common  aperture  element  is  more  sensitive  to  etch  depth  errors  than  the  segement  element. 


Figure  3:  a)  The  diffraction  pattern  of  the  common  aperture  design,  b)  and  c)  Scans  trough  the  focus 
in  the  image  plan  together  with  the  calculated  curve  for  the  segment  aperture,  for  the  common  aperture 
design,  respectively. 


3  Conclusions 

On  the  example  of  the  tracking/receiving  element,  it  has  been  shown  that  diffractive  optical  elements 
may  simplify  optical  systems,  by  including  several  functionalities  in  a  single  DOE.  The  task  of  this 
DOE  is  to  generate  a  point/ring  pattern.  For  this  purpose  two  different  design  strategies  have  been 
investigated.  One  is  based  on  a  segmented  aperture,  the  other  on  a  common  aperture  approach.  The 
realized  elements  showed  a  good  agreement  with  the  theory  for  both  types  of  design.  However,  it 
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turned  out  that  the  segmented  aperture  based  system  may  give  some  problems  for  specific  point-ring 
energy  ratios.  The  elements  have  satisfied  the  given  severe  specifications  for  space  applications,  which 
encourages  to  use  DOEs  in  other  systems. 
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1.  Introduction 

Althaigh  analysis  of  diffractive  optical  elements  (DOEs)  is  critical  to  an  understanding  of 
the  technology,  equally  important  for  their  widespread  application  is  an  understanding  of  their 
design  or,  in  counterpoint  to  analysis,  their  synthesis.  The  problem  of  design  is  essentially  a 
casting  of  a  designer’s  understanding  of  physics  into  an  optimization  problem:  the  DOE  is  to  be 
determined  so  that  it  achieves  some  desired  performance,  preferably  optimally,  subject  to  the 
constraints  of  fabrication. 

A  large  portion  of  the  design  literature  consists  of  a  discussion  of  algorithms. 
Unfortunately,  this  clouds  a  more  fundamental  distinction  in  synthesis,  namely,  whether  the  design 
is  "direct"  or  "indirect."  Direct  designs  are  those  that  attempt  to  optimize  directly  the  desired 
performance  measure,  subject  to  the  constraints  of  fabrication.  In  contrast,  induect  designs  are 
those  that  first  seek  to  determine  a  solution  to  the  design  problem  unconstrained  by  fabrication 
and  then  impose  the  constraints  of  fabrication  onto  the  unconstrained  solution.  To  make  this 
point  clear,  rather  than  concentrating  on  design  for  only  a  single  application,  the  design  of  DOEs 
is  considered  for  different  applications,  including  focussing,  array  generation,  and  correlation.  For 
each  application  the  same  methodic  approach  to  design  is  followed:  model  the  optical  system, 
model  the  DOE  fabricatiorr,  identify  freedoms  available  for  design,  and  define  a  performance 
measure.  The  problem  is  then  solved  in  both  a  direct  and  an  indirect  manner.  To  insure  that  the 
discussion  remains  uncluttCTed,  only  design  in  the  scalar  domain  is  considered.  However,  the 
procedure  is  general  enough  that  is  easily  applicable  to  the  vector  design  of  DOEs. 

2.  Design  Procedure 

The  design  of  DOEs  can  be  divided  into  three  basic  stages:  understand  the  physics  of  the 
design  problm  (analysis);  translate  the  physical  understanding  into  mathematics  and  define 
an  appropriate  optimization  problem  (synthesis);  and  execute  the  design  and  fabricate  the  element 
(implementation).  Each  of  these  stages  can  be  broken  down  further  as  indicated  in  the  following. 

Analysis:  Understand  the  physics  of  image  formation  using  the  DOE. 

Understand  the  fabrication  of  the  DOE  from  data  genanted  by  computer. 

These  first  two  steps  are  perhaps  obvious,  but  are  critical  to  design.  By  understand  we 
mean  to  imply  the  selection  of  a  model.  In  this  work,  we  consider  only  applications  where  scalar 
diffraction  theory  is  valid.  Simple  integral  transforms  can  then  be  used  to  model  optical  systems 
and  the  DOE  is  modelled  as  a  thin  phase  transformation  element.  In  selecting  a  fabrication  model, 
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the  designer  must  address  how  much  detail  to  include.  In  our  examples  we  model  the  DOE  as  a 
multilevel  quantized  phase  element. 

Synthesis:  Define  the  design  metric. 

Define  the  optimization  problem. 

The  essence  of  the  synthesis  step  is  to  cast  the  design  into  an  appropriate  optimization 
problem.  However,  two  basic  approaches  to  optimization  have  emerged  in  the  DOE  literature: 
indirect  and  direct  approaches.  The  distinction  between  the  two  is  represented  in  Fig.  1.  For  both 
approaches,  it  is  necessary  to  define  a  design  metric  based  on  those  physical  parameters  that  are 
used  to  characterize  system  performance.  Whereas  a  direct  approach  to  the  design  problem 
optimizes  the  design  metric  subject  to  the  constraints  of  fabrication,  in  an  indirect  approach,  the 
design  metric  is  optimized  without  regard  to  these  constraints.  The  solution  to  the  unconstrained 
problem  is  then  mapped  onto  the  fabrication  constraints  using  an  alternative  design  metric. 

The  uni-directional  and  bi-directional  methods  refered  to  are  based  on  the  error-reduction 
and  input-output  algorithms  defined  by  Fienup  [1].  We  prefer  the  nomenclature  bidirectional  and 
unidirectional  to  indicate  the  nature  of  data  flow. 

Implementation:  Select  a  design  algorithm  and  perform  the  optimization. 

Fabricate  the  DOE  from  the  computer-generated  data. 

Test  the  DOE. 

The  implementation  steps  are  straight  forward,  but  require  many  practical  decisions  to  be 
made  and,  most  importantly,  considerable  expenditure  of  resources.  As  indicated  in  Fig.  1,  for 
direct  approaches  it  is  the  primary  design  metric  that  is  optimized.  For  indirect  approaches, 
optimization  of  an  alternate  metric  is  necessary  to  solve  the  mapping  problem,  which  is  the 
imposition  of  fabrication  constraints  onto  the  unconstrained  solution. 

3.  Diffractive  Lens  Design 

The  first  design  example  is  that  of  a  diffractive  lens.  The  function  of  the  desired,  but  as 
yet  unknown,  DOE  is  to  focus  the  energy  from  an  incident  plane  wave  to  a  point  in  space  at  a 
distance  Zo  behind  the  lens.  Under  the  assumptions  of  scalar  diffraction  theory  the  relationship 
between  the  input  wavefield  and  the  output  wavefield  is  given  by  Fresnel  difMction  [2].  For 
DOE  fabrication,  we  assume  a  multiple-step  etch  procedure  with  binary  masks,  which  achieves 
multilevel  quantized  phase.  Further,  we  assume  that  the  ability  of  the  DOE  to  focus  light  is 
measured  by  its  diffraction  efficiency  at  the  focal  point. 

The  solution  of  the  unconstrained  problem  is  a  quadratic  phase  function  which  maximizes 
the  diffraction  efficiency  to  unity.  One  can  impose  the  constraints  of  fabrication  by  quantizing  the 
unconstrained  phase  values  to  the  constrained  values.  Table  1  summarizes  the  calculated 
diffraction  efficiencies  for  a  lOO-pm  diameter  fl\  lens  designed  by  quantization  with  a  minirmim 
feature  size  of  1.0  and  0.5  pm  [3].  Direct  solution  of  the  lens  design  problem  has  been  achieved 
with  the  rotationally  symmetric  iterative  discrete  on-axis  (RSIDO)  method  [4,5].  The 
improvement  in  difiraction  efficiency  for  lens  designs  generated  by  RSIDO  is  also  presented  in 
Table  1  [3]. 
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4.  Fourier  Array  Generator 

We  consider  next  DOEs  that  produce  an  array  of  point  sources  with  illumination  from  a 
gingtft  point  source.  A  coherent  Fourier  optical  system  is  used  to  achieve  this,  thus  a  Fourier 
transform  relationship  exists  between  the  diffractive  element  in  the  pupU  plane  and  its  response  in 
the  image  plane.  We  assume  again  that  the  diffractive  element  is  fabricated  to  have  multilevel 
quantized  phase.  The  performance  of  the  diffractive  array  generator  is  measured  by  its  ability  to 
generate  the  desired  spot  array  with  high  diffraction  efficiency  and  minimum  intensity  error.  To 
measure  this  we  use  the  absolute  distance  measure  between  the  generated  intensity  and  the 
intensity  that  corresponds  to  the  upper  bound  solution  [6]. 

The  upper  bound  solution  is  the  solution  to  the  unconstrained  problem,  but,  unlike 
diffractive  lens  design,  it  does  not  have  an  analytic  expression.  However,  upper  bound  arrays 
have  been  reported  for  a  few  one-  and  two-dimensional  fan-outs  [7,8].  As  in  Sec.  3,  one  can 
impose  the  constraints  of  fabrication  via  quantization.  Table  2  summarizes  the  performance  of  3 
X  3  array  generators  designed  by  sampling  and  quantization.  The  results  of  the  direct  solution  to 
the  design  problem  using  both  the  iterative  Fourier  transform  algorithm  and  simulated  annealing 
ate  also  summarized  in  Table  2. 

5.  Correlation  Filter 

The  details  of  the  correlation  design  problem  are  presented  in  Ref.  9,  however  the  results 
of  both  direct  and  indirect  optimizations  are  presented  in  Table  3. 

6.  Conclusion 

The  examples  and  designs  presented  herein  have  been  chosen  for  pedagogical  reasons  and 
are  meant  to  be  illustrative.  That  is,  the  intent  of  this  work  is  not  to  make  specific  contributions 
to  the  design  of  diffractive  lenses,  array  generators,  and  correlation  filters,  nor  to  endorse  a 
particular  design  algorithm.  Rather,  it  is  to  highlight  the  design  process  and  also  the  distinctions 
between  direct  and  indirect  approaches  that  have  not  been  adequately  explored. 
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Fig.  1  Flowchart  representation  of  design 
highlighting  the  distinction  between  direct 
and  indirect  designs. 
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Table  2.  Perfcmnance  of  multilevel 
quantized  phase  array  generators  designed  to 
generate  a  3  x  3  fan-out. 
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Table  3.  Performance  of  binary-phase 
diffractive  elements  designed  to  perform  as 
correlation  filters. 
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Summary 

We  discuss  examples  of  designs  for  all-dielectric  high-efficiency  reflection  gratings  that 
tolerate  high  intensity  laser  pulses  and  are,  in  theory,  capable  of  placing  99%  of  the 
incident  light  into  a  single  diffraction  order.  The  designs  are  based  on  placing  a  dielectnc 
transmission  grating  atop  a  high-reflectivity  multilayer  dielectric  stack.  We  comment  on  the 
connection  between  transmission  gratings  and  reflection  gratings  and  note  that  many 
combinations  of  gratings  and  multilayer  stacks  offer  high  efficiency.  Thus  it  is  possible  to 
attain  secondary  objectives  in  the  design.  We  describe  examples  of  such  designs  aimed 
toward  improving  fabrication  and  lowering  the  susceptibility  to  laser-induced  damage. 

Introduction 

A  reflection  grating  must  incorporate  two  optical  functions:  it  must  combine  high 
reflectivity  with  diffraction.  Traditional  metallic  gratings  combine  these  two  functions  in  a 
single  conducting  surface.  The  conductivity  of  the  metal  forces  reflection,  while  periodic 
grooves  create  diffraction.  Because  metallic  gratings  owe  their  reflectivity  to  conductivity, 
expressible  as  a  complex-valued  refractive  index,  they  have  a  disadvantage  for  applications 
that  subject  the  grating  to  intense  radiation.  The  absorption  of  radiation  causes  heating  and 
damage  [1].  Transparent  dielectric  materials  have  much  smaller  absorption  coefficients  than 
do  metals,  and  therefore  optical  devices  based  on  dielectrics  have  potential  for  withstanding 

intense  radiation  [2].  When  used  to  create  grating  structures,  they  have  unique  properties 
that  can  offer  additional  benefits  [3] . 

Contemporary  techniques  of  interference  lithography  (or  holographic  grating 
fabrication)  offer  opportunities  for  producing  a  variety  of  all-dielectric  gratings.  Such 
gratings,  useful  for  a  variety  of  applications  as  transmission  gratings,  can  be  combined 
with  suitable  all-dielectric  multilayer  structures  to  create  reflection  gratings.  In  our  work  the 
multilayer  thin-film  stack  is  used  as  a  substrate  for  the  grating,  which  we  create  using 

previously  described  procedures[l]  .In  brief,  we  first  coat  the  substrate  with  a  carefully 
controlled  uniform  layer  of  photoresist.  Next  we  expose  this  photosensitive  surface  to  the 
stabilized  interference  pattern  at  the  intersection  of  two  collimated  laser  beams  in  a  two-atm 
interferometer.  We  develop  the  latent  image  to  create  a  corrugated  surface,  using  in-situ 
monitoring  to  control  the  profile  by  terminating  the  development  step  at  the  optimal  moment 
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[4],  Although  the  developed  photoresist  could  serve  as  the  grating  [5],  it  is  more  fragile 
than  other  materials.  To  create  a  more  robust  structure,  the  photoresist  can  be  overcoated 
with  dielectric  material  or,  as  in  our  work,  the  pattern  can  be  transferred  to  the  underlying 
substrate  using  lithographic  etching  techniques. 

For  use  in  chirped  pulse  amplification  [6],  diffraction  gratings  must  be  able  to 
withstand  intense  radiation.  This  requirement  imposes  restrictions  on  the  acceptable 

materials,  largely  to  such  transparent  oxides  as  hafnia,  scandia  and  silica  [7].  There  remain 
many  possibilities  for  grating  profile  and  material  thicknesses.  As  we  shall  show,  the  action 
of  the  combined  grating-multilayer  stmcture  can  be  considered  in  two  parts,  the  diffractive 
transmission  and  the  reflection.  In  particular,  the  required  highly  reflective  multilayer  stack 
can  be  designed  in  many  ways.  This  variety  of  designs  allows  us  to  impose  additional 
constraints  on  the  design,  beyond  the  primary  requirement  of  producing  high  reflectivity. 

Our  designs  are  based  on  numerical  modeling  of  discretized  grating  profiles  and  the 
transcription  of  the  exact  Maxwell  equations  into  coupled  algebraic  equations  using  the 

multilayer  modal  method  of  Li  [8].  The  computer  codes  provide  not  only  efficiencies  but 
also  field  distributions  within  the  grating. 

Relationship  between  transmission  and  reflection 

Our  gratings  owe  their  high  efficiency,  in  part,  to  the  choice  of  groove  spacing  and 

angle  of  incidence:  the  spacing  d  <  3X/2  and  near-Littrow  mount  (angle  of  incidence  equal 
to  diffraction  angle)  allows  only  orders  0  and  -1  to  propagate.  Under  such  conditions  both 
the  simple  single-dielectric  transmission  grating  and  the  multilayer  dielectric  reflection 
grating  exhibit  regular  maxima  and  minima  of  diffraction  efficiency  as  a  function  of  groove 
depth.  However,  conditions  which  produce  high  diffraction  efficiency  for  transmission  will 
produce  low  diffraction  efficiency  for  reflection.  This  result  is  because  the  reflection  grating 
requires  interference  between  the  two  transmitted  orders,  after  reflection,  in  order  to  place 
the  radiation  into  order  -1  rather  than  as  specular  reflection  into  order  0.  When  a  dielectric 
transmission  grating  places  a  large  fraction  of  the  incident  light  either  into  order  - 1  or  0  of 

transmission  (light  incident  at  angle  0i  and  emerging  at  angle  0t  say),  then  the  time  reversed 

situation  (radiation  at  angle  0t  within  the  medium  flowing  out  of  the  grating  from  below 

into  angle  0;),  will  also  apply.  Detailed  computations,  to  be  exhibited,  bear  out  this  intuitive 
observation. 

Multilayer  Grating  Designs 

Multilayer  stacks  of  thin  dielectric  films  are  widely  used  in  the  optics  industry  as 
antireflection  coatings,  polarizers,  beam  splitters,  filters,  and  highly  reflecting  mirrors. 
Rather  than  relying  on  conductivity  or  absorption  to  produce  reflection,  multilayer  dielectric 
stacks  rely  on  interference.  A  succession  of  horizontal  plane  layers  are  created  with 
thicknesses  such  that,  for  light  of  a  specified  wavelength  and  polarization,  incident  from 
above  at  a  given  angle,  the  phases  of  upward  and  downward  traveling  waves  within  each 
layer  either  reinforce  the  upward  wave  (for  reflection,  or  HR  coating)  or  the  downward 
wave  (for  transmission,  or  AR  coating). 

It  is  obviously  desirable  to  have  a  point  design  that  has  relatively  little  sensitivity  to 
small  variations  in  design  parameters,  such  as  layer  thicknesses,  groove  depth,  and  duty 
cyck.  From  a  purely  theoretical  standpoint  (disregarding  fabrication  considerations),  robust 
designs  can  be  obtained  by  allowing  some  portion  of  the  top  layer  to  lie  beneath  the 
grooves  -  the  grooves  are  not  etched  entirely  through  the  top  layer.  However,  it  is  often 
simpler  to  produce  a  grating  whose  groove  depth  is  fixed  by  a  discontinuity  in  chemical 
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composition,  i.e.  a  grating  whose  grooves  extend  entirely  through  the  uppermost  layer. 
This  is  one  of  several  subsidiary  constraints  that  may  be  imposed  upon  the  overall 
structure,  in  addition  to  having  high  efficiency. 

The  quarter  wave  stack 

The  most  common  form  of  highly  reflecting  multilayer  dielectric  stack  is  the  (H  Ll'^n 
stack  based  on  n  pairs  of  high  index  (H)  and  low  index  (L)  material,  each  of  which  offers 

one  quarter  wave  of  phase  shift  at  the  desired  angle  [9],  As  the  number  of  layers  increases, 
the  reflectance  approaches  closer  to  unity,  within  a  wavelength  band  whose  width  is  set  by 
the  ratio  of  refractive  indices.  With  this  stack  in  mind,  the  simplest  high  efficiency 
multilayer  grating  designs  are  based  on  placing  a  dielectric  grating  atop  such  a  quarter-wave 
stack.  Either  an  H  or  L  layer  may  be  made  the  top  layer;  in  general  the  grooves  will  be 
shallower  the  higher  is  the  index  of  refraction  of  the  grating  layer.  The  design  problem  then 
becomes  one  of  choosing  the  thickness  of  the  grating  layer  and  the  depth  and  shape  of  the 
grooves.  (That  is,  the  exact  structure  of  the  HR  stack  need  not  be  considered,  only  the 
ability  to  reflect  waves  .) 

Problems  with  quarter-wave  stacks 

The  quarter-wave  stack  provides  one  easily-understood  possibility  for  creating  a  high 
efficiency  reflection  grating.  However,  in  our  holographic  method  it  has  one  drawback. 
The  dielectric  stack,  intended  to  be  highly  reflecting  at  the  use  angle  of  52°  for  1053  nm 
light,  is  also  highly  reflecting  near  the  exposure  angle  of  17°  for  413  light.  (This  light  is 
near  the  reflectivity  maximum  associated  with  third  harmonic  of  the  design  wavelength). 
This  undesired  reflectance  can  be  diminished  by  altering  various  layer  thicknesses. 

The  HLL  design 

A  very  simple  alternative  to  the  quarter  wave  design  (HL)^n  is  an  (HLL)^n  design, 
comprising  quarter  waves  of  high  index  material  H  and  half  waves  of  low  index  material  L. 
Rather  than  define  the  quarter  waves  for  the  usage  wavelength  and  angle,  we  choose  a 
shorter  wavelength  and  normal  incidence.  We  have  chosen  for  the  stack-design  wavelength 
830  nm  (a  choice  that  simplifies  the  monitoring  of  the  layer  deposition).  Such  a  design 
greatly  diminishes  the  reflected  exposure  light  and  thereby  eliminates  the  need  for  special 
antireflection  or  absorbing  coatings  between  the  photoresist  and  the  stack. 

As  with  the  quarter  wave  designs,  grating  designs  based  on  this  stack  can  achieve 
reflection  efficiency  exceeding  99%.  Such  high  efficiencies  are  available  for  a  range  of 
groove  depths  and  duty  cycles,  and  with  either  the  H  or  the  L  dielectric  as  the  uppermost 
layer. 

The  efficiencies  obtained  with  the  HLL  design  (at  the  usage  wavelength  and  angle)  are 
almost  indistinguishable  from  those  obtained  with  the  quarter  wave  stack:  Both  designs 
have  the  same  far-field  Rayleigh  expansion.  However,  the  two  designs  differ  appreciable  in 
the  near-field  region  within  the  grating  grooves.  Because  the  designs  have  high  efficiency, 
there  is  a  strong  standing  wave  pattern  of  electric  field,  with  antinodal  planes  where  the 
electric  field  is  twice  the  value  of  a  free-space  traveling  wave.  With  the  quarter  wave 
design,  the  enhanced-field  regions  extend  into  the  surface,  where  they  may  cause  photo- 
induced  breakdown  and  damage.  With  the  HLL  design,  the  enhanced-field  regions  fall 
within  the  grooves,  where  they  have  no  harmful  effects  on  damage. 
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1.  Introduction 

As  integrated  circuit  (IC)  technology  continues  to  push  further  into  the  submicrometer 
regime,  considerable  effort  has  been  devoted  to  finding  new  approaches  for  extending  the 
resolution  limits  of  optical  lithographic  systems.  The  idea  of  using  phase— shifting  masks 
in  optical  lithography  is  one  of  such  resolution-enhancing  techniques  and  is  conunonly 
attributed  to  Levenson.^  The  problem  of  the  design  of  phase-shifting  mask  is  how  to 
determine  the  phase  of  the  mask  that  produces  a  predesignated  image.  There  are  several 
approaches  to  deal  with  this  problem  such  zis  simulated  annealing  algorithm^  and  optimal 
coherent  approximations.^  In  this  paper  we  present  an  approach  of  the  design  of  the  phase- 
shifting  mask  for  the  enhancement  of  optical  resolution  in  lithography  based  on  general 
theory  of  amplitude— phase  retrieval  in  optical  system  and  tin  iteration  algorithm.  For 
several  model  objects  the  numerical  investigating  results  are  given. 

2.  Theoretical  formulas 

The  schematic  of  a  typical  optical  system  considered  is  shown  in  Fig.  1.  This  optical 
system  is  composed  of  an  input  plane  Pi ,  one  Fourier— transform  lens  and  an  output  plane 
Pi.  The  spacings  between  the  two  consecutive  planes  are  li  and  li,  respectively.  The  focal 
length  of  the  lens  is  If.  The  wave  functions  on  the  input  plane  Py  and  output  plane  Pi 
are  denoted  by 

£^i{a:i,yi)  =  Piexp(t>i)  and  Ui{xi,yi)  =  piexp{i<i>i), 
respectively.  The  2-axis  is  chosen  along  the  optical  axis  of  the  system.  The  output 
wave  function  is  related  to  the  input  wave  function  by  a  linear  transform  function 
G{xi,yi]xi,yi)  in  the  form 

Ui{xi,y2)  -  j  j  G{xi,yi]Xi,yi)Ui{xi,yi)dxidyi.  (l) 

As  the  discrete  form  we  have 

Uii  =  Pijexp(t^ij),  Uim  =  P2m  exp(t>2m),  (2) 

and 

Ni 

=  /  =  1, 2, 3...iVi ,  m  =  1, 2, 3..Ar2 , 


(3) 
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where  Ni  and  iV’2  are  the  numbers  of  sampling  points  for  the  input  and  the  output  wave 
functions,  respectively.  Consequently,  the  design  of  phase-shifting  masks  for  the  imaging 
system  can  be  generally  addressed  as  follows:  Given  the  linear  transform  G  and  amplitudes 
of  Ui{xi,yi)  and  172(x2,t/2)  ,how  can  we  determine  the  phase  distribution  <j>i  in  the  input 
plane  to  satisfy  Eq.  (3)  to  high  accuracy? 

To  describe  the  closeness  of  GUi  to  C/2,  we  introduce  a  distance  measure  equal  to  the 
L2  norm  as 

N2 

D{pi,cf>i-,P2,<I>2)  =11  C/2  -  GC/i  11=  (X;  I  U2m  "  {GU,U  ■  (4) 

m=l 

The  problem  may  thus  be  formulated  as  the  search  for  the  extremum  of  the  function 
with  respect  to  the  function  arguments  (j>i  and  ^2  • 

Through  standard  algebraic  manipulations,  we  can  derive  a  set  of  equations  satisfied 
by  (f>\,  and  ^2  as  follows'^ 


exp(t<^2y)  -  ^  AkjPi,  exp(t>iy)]],  (5a) 

^2fe  =  arg(^Gfcy/9iyexp(i^iy)],  (56) 

j 

where  A  =  G+G  is  an  hermitian  operator.  Equations  (5a)  and  (5b)  can  be  numerically 
solved  by  an  iterative  algorithm  starting  with  an  arbitrary  initial  phase  of  ^1.^ 

3.  Numerical  Simulations 

According  to  the  general  theory  of  the  optical  transform,®  when  the  lens  law  is 
satisfied,  i.e.,  l/li  +  I/I2  =  1/^/j  this  systeni  performs  a  linear  transform  as 

G{x2,y2-,xi,yi)  =  exp[t^(i^  +  y|)|exp[t^(ij  +  y^)] 


I  j  Pa{x,y)exp{-i^[{x2+Mxi)x+{y2  +  Myi)y]}dxdy, 


where  represents  the  finite  aperture  of  the  lens  defined  by  Pa{x)  =  1,  for  |  x  |<  a, 
I  y  1^  a;  and  0,  otherwise.  M  =  I2II1  is  the  amplification  factor  of  the  system.  Performing 
the  integral  operation  and  neglecting  the  irrelevant  phcise  factor  exp[i7r(x2  +  y2)l^h]i  we 
obtain  a  simple  form  of  the  transfer  kernel 
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^  TT  ,  2  ,  2Msin[27ra{x2 +  Mxi)/A/2l 

G(x2,y2;xi,yi)  =  Mexp[t  — (x,  +  y,)] - 

sin[27ra(y2  +  Myi)f\l2] 

7r(y2+Myi) 

In  the  case  of  1-D  system,  we  have  the  transform  function  as 


G{x2]  xi)  =  \/M exp[i^x^ 


sin[27ra(x2  +  Mxi)fXl2] 

7r(x2  +  Mxi) 


(7) 

(8) 


In  the  simulations  we  choose  system  parameters  as  follows  :  Wave  length  of  the 
illumination  light  A  =  SGSnm,  the  numerical  number  N A.  —  0.5,  the  focal  length  If  —  40c>7i, 
the  diameter  of  the  lens  aperture  2a  =  40cm.  The  system  amplification  is  M  =  0.01.  In 
the  typical  optical  lithographic  system,  it  requires  that  the  amplitude  of  output  function  is 
proportional  to  that  of  the  input  function,  i.e.,  U2{x2)  =  \/l/M17i(— X2/M)  for  1-D  system 
while  for  2-D  system  172(2:2, y2)  =  (l/M)C7i(-X2/M, -y2/M).  Therefore,  in  solving  to 
Eqs.  (5a)  and  (5b)  we  set  ^2(2:2)  =  \/l/Mpi(— X2/M)  for  1-D  case  and  ^2(2:2, 1/2)  = 
(1/M)pi(-X2/M, -y2/M)  for  2-D  case. 

We  first  investigate  the  design  of  the  phase-shifting-masks  for  1-D  model  images 
that  consist  of  equal— spacing  lines  with  submicron  width,  such  as  two  lines,  three  lines, 
and  four  lines,  eis  shown  in  Fig.  2(a),  (b),  (c) , respectively.  The  patterns  generated 
by  the  conventional  transmission  mask  and  the  designed  mask  are  also  shown  in  Fig. 
2.  It  is  evident  that  the  performance  of  the  optical  resolution  has  been  substantially 
improved  when  using  the  phase— shifting— mask,  compared  to  conventional  imaging  system. 
Therefore,  the  new  algorithm  has  been  proven  to  be  effective.  The  binary  phase 
distribution  (  0  and  tt  )  for  (pi  is  automatically  derived,  as  shown  in  Fig.  3(a),  (b), 
(c), respectively.  This  is  the  first  time  by  means  of  solving  the  inverse  problems  to  derive 
the  well-known  result  due  to  Levenson.^  As  for  2-D  system  we  investigate  more  complex 
image  shown  in  Fig.  4(a).  Our  algorithm  also  presents  an  improved  result  compared  to 
the  conventional  imaging  system,  as  shown  in  Fig.  4(b),  (c). 
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Fig.l.  Schematic  of  an  imaging  system 
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Fig.2.  Phi-isc-shifting  mask  design  for  1-D  0.22^m  equal-spacing  lines.  Dotted 
lines,  dashed  lines  and  solid  lines  correspond  to  ideal  images,  conventional  transmission 
masks  and  designed  masks, respectively. 


Fig.3.  Binary  phase  distribution  of  (^i  (dotted  lines)  for  designed  masks.  Solid 
lines  correspond  to  distribution  functions  of  objects. 


Fig.4.  Phase-shifting  mask  design  for  2-D  image. (a)  The  ideal  image  with  0.30/xm 
space  between  two  lines. (b)  Image  due  to  designed  mask.(c)  Image  due  to  conventional 
transmission  mask. 
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1.  Introduction 

Various  approaches  for  flattop  beam  generation  have  been  reported. 

Here  we  focus  on  a  grating  approach  in  which  a  phase  grating  is  used 
to  modulate  a  beam  wavefront  and  shape  its  Fourier  spectrum.  We 
designed  a  grating-type  beam  shaper  in  an  iterative  manner,  where  an 
optimal  grating  phase  is  sought  under  the  constraints  of  amplitude  and 
phase  both  in  the  grating  and  Fourier  planes. 

Generating  a  flattop  intensity  distribution,  which  is  a  uniform 
amplitude  and  phase  distribution,  requires  that  we  consider  the  phases 
as  well  as  amplitudes  of  diffracted  waves  when  designing  the  grating. 
This  phase  consideration  enables  the  adjoining  diffracted  waves  to  be 
produced  in  phase  so  they  can  interfere  constructively  to  form  a  flat- 
topped  field. 

2.  Physical  Basis 

Our  beam  shaper  consists  of  a  window  and  a  binary  phase  grating°^  (see 
Fig.  1).  The  function  of  the  window  is  auxiliary  but  important. 

We  let  the  phase  depth  of  the  grating  equal  tt.  If  a  phase  function 
comprising  0  and  tt  is  even-symmetric,  its  Fourier  field  is  also  real 
and  even  and  has  the  phase  of  0  and  tt.  Using  this  relation  makes  it 
easy  to  find  grating  structures  meeting  the  demand  that  some  adjacent 
waves  acting  for  the  beam  shaping  (the  wanted  waves)  have  to  be  in 
phase.  For  a  depth  other  than  tt,  its  Fourier  transform  will  become 
complex,  which  means  the  diffracted  waves  can  be  proven  out  of  phase. 
The  four  requirements  for  grating  design  are  given  below. 

(1)  As  much  light  energy  as  possible  should  be  directed  to  the  wanted 
waves,  from  the  -mth  to  the  +mth  order.  Other  higher  orders  should  be 
so  fully  suppressed  that  their  interference  with  the  wanted  waves  can 
be  minimized. 

(2)  The  wanted  waves  should  have  equal  amplitudes. 

(3)  There  must  be  no  phase  jumps  among  the  wanted  waves. 

(4)  The  grating’s  smallest  feature  should  be  made  as  large  as  possible. 
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3.  Grating  Design  and  Fabrication 

By  using  the  simulated-annealing  (SA)  algorithm,®^  we  sought  a  one¬ 
dimensional  binary  phase  structure  that  reconstructs  three  in-phase 
diffracted  waves,  the  0th,  and  ±lst  orders.  One  period  of  a  grating 
is  divided  into  plural  segments.  Each  segment  has  a  phase  value  of  0 
or  TT,  alternately.  The  positions  of  these  dividing  points  are 
optimized  under  the  afore-mentioned  requirements.  Solutions  obtained 
for  187  iterations  and  their  diffraction  properties  are  given  in 
Table  1  and  Table  2,  respectively.  The  efficiency  is  the  summation  of 
the  diffraction  efficiencies  of  the  three  waves.  The  uniformity  is  the 
ratio  of  minimum  and  maximum  intensity  among  these  waves.  S/N  is 
defined  as  the  ratio  of  the  minimum  intensity  of  the  three  orders  to 
the  maximum  intensity  of  the  higher  orders  (up  to  ± 100th). 

We  fabricated  the  grating  by  means  of  projection-photolithography 
and  a  reactive  ion-etching  technique.  In  the  translation  of  the  design 
output  into  computer-aided  design  data  used  to  operate  a  mask  writer 
(laser  beam),  the  quant i zing-error  was  ^±0.0625Am.  The  photo  mask 
was  manufactured  by  the  mask  writer  which  can  write  a  line-width  of  ^ 
2/im.  with  a  positioning  accuracy  of  <0.1/im.  The  resist-patterned 
quartz  glass  substrate  was  etched  at  a  rate  of  400A/min. ;  using  CHF® 
the  RF  power  was  TOW  and  the  pressure  was  26mTorr. 

4.  Siwilations  and  Experiments 

By  computer  simulation  we  examined  the  profile’s  dependence  on  the 
incident  beam  width  and  the  window  width  for  a  given  grating  period. 

We  then  determined  the  optimal  dimensions  of  these  factors  for  the 
grating  period  of  8.0mm,  the  lens  focal  length  of  BOOOmm,  and  the  beam 
wavelength  of  0.633yam:  the  beam  was  8.0mm  (1/e^)  wide  and  the  window 
was  9.0mm  wide.  Figure  2  shows  the  results;  on  the  horizontal  axis  the 
width  of  20  divisions  equals  326/zm. 

In  the  experiment,  the  aperture  slit,  2.0mm  in  height  and 
adjustable  in  width,  was  placed  before  the  grating.  A  He-Ne  laser  beam 
(0.633//m)  hit  the  grating  and  the  transmitted  wavefront  was 
optically  Fourier-transformed  by  a  lens.  The  focused  intensity 
distribution  was  detected  by  a  CCD  camera  and  the  camera’  s  video 
output  was  fed,  via  a  frame  memory,  to  a  computer  for  display  and 
analysis.  Figure  3  shows  the  results;  on  the  horizontal  axis  the  width 
of  20  divisions  equals  222//m.  Our  estimate  of  the  light  use 
efficiency  is  ~50%  from  both  the  grating’ s  efficiency  of  57%  and 
the  window  width  which  is  greater  than  the  beam  width  (1/e^). 
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5.  Conclusion 

We  recommend  the  use  of  a  compact  beam  shaper  composed  of  a  window  and 
a  binary  phase  grating.  By  computer^simulating  the  shaped  profiles,  we 
have  obtained  the  optimal  relation  among  the  beam  width,  the  window 
width,  and  the  grating  period.  Through  optical  experiment  we  confirmed 
that  the  shaper  achieves  a  good  approximation  to  a  flattop  profile. 
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Fig.  1.  Schematic  drawing  of  the  beam  conversion 
using  our  beam  shaper. 


Fig.  2.  Computer- simulated  profiles 

(a)  without  any  grating,  (b)  with  the  grating. 
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Table  1.  Data  for  a  Binary  Phase  Grating 


Dividing 

p  0  s  i  t  i  0  n  s 

(in  fraction  of  period) 

0.039166 

0  .  1  8  5  804 
0.930553 

0.069447 

0-814196 

0 .9608  3  4 

0 . 133235 
0.851915 

0. 148085 
0.866765 

Table  Z.  Diffraction  properties 


items 

Simulated  results 

Efficiency 

5  7  % 

U  n  i  f  0  r  m  i  t  y 

0.99 

S/N 

8.  1 

Fig.  3.  Experimentally-obtained  profiles 
(a)  without  any  grating,  (b)  with  the  grating. 
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1.  Introduction 

Since  it  was  first  proposed  one  and  a  half  decades  ago,  the  coordinate  transformation  method  of 
Chandezon  et  al.  ‘  (the  C  method)  for  analyzing  surface-relief  gratings  has  gone  through  many  stages 
of  improvement  and  extension.^  '®  By  now,  it  is  truly  one  of  the  most  efficient  and  versatile 
theoretical  tools  for  modeling  gratings  of  arbitrary  permittivity  and  (reasonably)  arbitrary  profiles. 
The  most  distinctive  features  of  the  C  method,  not  shared  with  any  other  rigorous  grating  methods, 
are  its  virtually  uniform  convergence  with  respect  to  the  incident  polarization  (TE,  TM,  or  conical) 
and  the  medium  permittivity  (dielectric  or  metal),  and  its  perfect  suitability  for  modeling 
multilayer-coated  gratings. 

However,  one  weakness  of  the  C  method  remains:  it  converges  slowly  at  large  depth-to- 
period  ratios  {hid  ~  1)  when  the  groove  profile  has  sharp  edges.  This  weakness  prevents  effective 
application  of  the  C  method  to  some  practically  important  cases,  such  as  triangular  and  trapezoidal 
gratings. 

In  this  paper,  the  C  method  *is  reformulated  using  the  recently  developed  proper  procedure 
for  Fourier-analyzing  the  differential  equations  that  contain  periodic  discontinuities."  The  newly 
formulated  C  method  converges  much  faster  than  the  old  one  for  grating  profiles  with  sharp  edges. 


2.  Review  of  the  C  method 

For  the  purpose  of  this  paper,  it  suffices  to  consider  only  one  periodic  triangular  interface,  as  shown 
in  Fig.  1.  Oxyz  is  a  rectangular  Cartesian  coordinate  system.  The  profile  function  a{x)  is  independent 
of  z  and  its  period  is  d.  Furthermore,  it  is  only  necessary  to  consider  the  TE  polarization  (the 
electric  field  vector  parallel  to  the  grooves)  because,  as  explained  in  Ref.  5,  the  solutions  of 
Maxwell’s  equations  for  the  TM  polarization  and  conical  mounts  can  be  obtained  easily  from  the  TE 
solutions.  Here,  only  a  sketch  of  the  steps  of  the  C  method  leading  to  the  eigenvalue  equation  is 
given.  The  reader  is  referred  to  the  above-cited  papers  for  more  details. 

In  the  C  method,  a  curvilinear  coordinate  system 
is  introduced  in  the  x-y  plane: 

(1) 


V  =  X,  u  =  y  -  a{x) . 

The  relevant  Maxwell’s  equations  expressed  in  this 
coordinate  system  are 


du 

dv 


=  -  dHf), 


i\ik^[dH^  -(1  +a2)H„], 


- ^  ^ 

du  dv  °  " 


(2a) 

(2b) 

(2c) 


Fig.  1.  The  Cartesian  Coordinate  system 
and  a  triangular  grating  profile. 


where  is  the  vacuum  wavevector,  p  =  1,  e  is  the  permittivity,  a  denotes  the  derivative  of  a(v), 
and  H„,  H„,  and  are  the  covariant  component  of  the  field  vectors.  In  this  paper,  the  Gaussian 
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system  of  units  and  the  time  dependence  exp(-/cor)  are  used.  Eliminating  from  Eqs.  (2),  we  have 


dE 

^  =  D(v)-^  +  iv^k,C{v)H^, 
du  ov 

a  i  a 

''  ^  lD(v)H^]  +  iek,E^  + 


du  dv 


\ikQ  dv 


dE^ 

C(v)-^ 

dv 


(3a) 

(3b) 


where 


C(v)  = 


1 

1  +  a2(v) ’ 


D(v)  = 


g(v) 

1  +  ri^(v) 


(4) 


Since  the  fields  are  pseudo-periodic  in  v,  we  can  convert  Eqs.  (3)  into  their  counterparts  in  the 
discrete  Fourier  space  by  simply  using  the  transformation  rules: 


_a_ 

av 


I  a. 


(5) 


where  (j)  is  any  term  in  the  equations,  (j)„  is  its  Fourier  coefficient,  and  =  Uq  +  m  K,  with  K  — 
2%ld  and  Uq  being  the  Floquet  exponent.  If  4)  is  a  product  of  functions  of  v,  we  suppose  that  the 
following  rule  applies: 

/<?  -  (6) 

n 

Thus,  Eqs.  (3)  become, 

F  =  MF,  (7) 

i  du 


with 


^  =  1  r  ;  2  =  ^  n  ’ 

and  F  =  (E^,  HJ'^,  where  F^,  C„,  and  D„  are  Fourier  coefficients  of  the  corresponding 

non-subscripted  quantities.  The  total  fields  everywhere  in  the  grating  structure  are  given  by  the 
superpositions  of  the  eigen-solutions  of  Eq.  (7),  which  can  be  solved  by  standard  techniques.  Hence, 
the  solution  of  the  grating  problem  is  completed. 


3.  Reformulation  of  the  C  method 

Although  a  computer  program  based  on  the  theory  outlined  in  Section  2  converges  quickly  for 
gratings  with  smooth  profiles,  it  does  not  do  so  for  gratings  whose  profiles  have  sharp  edges.  The 
source  of  the  problem  lies  in  the  use  of  the  Fourier  factorization  rule,  Eq.  (6),  for  a  product  of  two 
functions  that  have  complementary  jumps."  Two  functions,  /  and  g,  are  said  to  have  a  pair  of 
complementary  jumps  at  Xq  if  both  functions  have  jumps  at  Xq  but  their  product  remains  continuous 
there.  In  Ref.  11,  it  is  proved  that  in  the  case  of  complementary  jumps  the  following  Fourier 
factorization  rule  should  be  used,  instead  of  Eq.  (6): 

fg  r  [1//1'U„« 


(9) 
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where  14)1  denotes  the  matrix  generated  by  (|)„.  If  the  jumps  of  /  and  g  are  concurrent  but  not 
complementary,  then  neither  Eq.  (6)  nor  Eq.  (9)  is  valid.  In  addition,  the  procedures  for  correctly 
Fourier-analyzing  the  differential  equations  resulting  from  Maxwell’s  equations  are  also  given  in  Ref. 
11.  In  the  sequel,  these  procedures  are  followed  to  reformulate  the  eigenvalue  problem.  We  first 
need  to  identify  the  continuous  and  discontinuous  functions  of  v  in  Eqs.  (2). 

Within  a  homogeneous  medium  characterized  by  a  constant  e,  the  continuous  functions  of 
V  in  Eqs.  (2)  are  E^,  dEJdu,  and  —  a  H„,  and  the  discontinuous  functions  are  a,  a^, 
dEJdv,  dHJdv,  and  dHJdu.  The  reader  is  reminded  that  the  field  components  here  are  the 
covariant  components  in  the  curvilinear  coordinate  system.  Perhaps  the  best  way  to  verify  the  above 
classification  of  field  components  and  their  derivatives  is  to  consider  the  field  components  at  Vo  +  0 
and  at  Vo  -  0  as  being  associated  with  two  distinct  local  coordinate  systems,  where  Vo  is  one  of  the 
abscissae  of  the  discontinuities  of  a.  Then,  by  applying  the  tensorial  transformation  rule  for  the 
covariant  vector  components,  the  nature  of  the  field  components  can  be  easily  identified. 

Equations  (2a)  and  (2c)  can  be  readily  Fourier  analyzed,  yielding 


dE 


du 


(10a) 

(10c) 


because  they  do  not  contain  products  that  have  complementary  jumps.  Equation  (2b)  contains  the 
product  a  which  has  a  pair  of  non-complementary  jumps  at  Vo.  To  circumvent  this  problem,  we 
rewrite  it  as  follows. 


dE^ 

+  d(H^-dH^)  ].  (11) 

Now,  the  second  term  on  the  right  hand  side  is  a  product  of  a  continuous  function  and  a 
discontinuous  function,  for  which  Eq.  (6)  is  valid.  To  complete  the  missing  part  in  Eqs.  (10),  we 
have 


(X  E  = 

n  zn 


-H 


E 


K.  -  E 

P 


)] 


(10b) 


From  Eqs.  (10a),  (10c)  and  (10b),  we  rederive  an  equation  identical  to  Eq.  (7),  but  this  time  with 
the  M  matrix  of  Eq.  (8)  replaced  by 


C  Idl  a 

=  1  2 

— —  (  €  |Ji  ^0  ■  a  C  a  ) 

I 

where  a  is  a  diagonal  matrix  with  a„  along  the  diagonal  and 


1.1^,  C  ^ 
aCldl  ’ 


(12) 


C  =  (  1  +  lallal )  ^ .  (13) 

Once  the  eigen-solutions  of  M'  are  found,  the  remaining  tasks  in  solving  the  grating  problem  are 
the  same  as  in  the  conventional  C  method. 


4.  Numerical  Results 

For  all  numerical  examples  in  this  section,  the  wavelength  A.  =  1.0,  the  incident  medium  =  1.0, 
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the  truncation  order  N  is  half  of  the  matrix  dimension  of  M  or  M',  the  solid  and  dashed  lines 
correspond  to  TM  and  TE  polarizations,  respectively,  and  the  thick  and  thin  lines  correspond  to  the 
improved  and  the  old  C  methods,  respectively.  For  the  C  method,  the  sum  of  all  diffraction 
efficiencies  is  a  good  indicator  of  the  convergence  of  individual  diffraction  orders,  therefore  only  the 
efficiency  sums  are  presented  here. 


Truncation  Order  N 


Fig.  2 

Figure  2  is  for  a  triangular  grating  at  - 1 
order  Littrow  mount,  with  d  =  h  =  1.7,  d^  = 
0.5,  and  rii  =  0  +  i  5.  Figure  3  is  for  a 
symmetrical  trapezoidal  grating  at  45°  incident 
angle,  with  d  =  h  =  2.0,  and  «,  =  0.3  +  i  7.0. 
The  upper  width  of  the  trapezoid  is  0.75  and  the 
lower  one  is  1.25.  Figure  4  is  for  the  same 
geometry  as  in  Fig.  3,  but  n,  =  1.5.  The 
substantial  improvement  of  convergence  by  the 
newly  formulated  C  method  is  evident. 


Truncation  Order  N 


Fig.  3 


Fig.  4 

5.  Conclusion 

The  convergence  of  the  C  method  for  grating  profiles  with  sharp  edges  has  been  improved  by  the 
reformulation  of  the  eigenvalue  equation.  Without  the  mathematical  understanding  developed  in 
Ref.  11,  this  improvement  would  have  been  impossible. 
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Interferometric  surface  analysis  involves  looking  at  a  fringe  pattern  and  deriving  informa¬ 
tion  concerning  the  surface  being  imaged.  By  counting  the  fringes,  one  is  able  to  find  the  siuface 
deformation  relative  to  a  reference  point.  But  a  problem  is  encountered  when  the  fringes  are  too 
dense  for  the  fringe  analysis  software  to  count  them.  This  limits  the  resolution  of  the  system.  But 
if  a  spatial  light  modulator  (SLM)  could  modulate  the  phase  profile  in  one  arm  of  the  interferome¬ 
ter  so  that  the  spatial  frequency  of  the  fiinges  is  decreased  enough  to  be  counted,  this  problem 
would  be  solved. 

The  technique  to  reduce  interferometric  fiinge  density  involves  placing  a  liquid  crystal 
television  (LCTV),  acting  as  a  phase  modulating  SLM,  in  one  arm  of  an  interferometer.  A  phase 
profile  is  then  imaged  onto  the  SLM  that  reduces  the  fringe  density  in  the  region  of  interest 
Assume  we  have  an  interferometric  pattern  where  the  phase  of  the  pattern  varies  linearly  across 
the  pattern.  If  we  select  a  point  on  a  fiinge  pattern  captured  by  a  CCD  to  have  a  phase  shift  of 
zero,  then  we  can  express  the  phase  of  another  point  on  the  image  as  a  function  of  position  as 

(t>i(x)  =  2K(x/a)  (1) 

Here  a  is  the  change  in  image  pixel  position  that  gives  a  phase  shift  of  27C .  Now  let  us  assume  we 
have  a  phase  ramp  on  the  LCTV  that  mimics  the  effect  of  a  glass  wedge  placed  in  one  arm  of  an 
interferometer.  Therefore  we  now  have  phase  varying  linearly  with  respect  to  position  across  the 
LCTV.  We  now  write  a  function  for  the  variance  of  phase  across  the  LCTV  as 

(|>2(x)  =  2%{x/b)  (2) 

where  b  is  the  number  of  pixels  (change  in  x)  across  the  LCTV  that  gives  a  phase  shift  of  2% . 
Since  the  LCTV  acts  as  an  SLM  that  retards  phase,  the  SLM  in  the  measurand  arm  of  the  interfer¬ 
ometer  will  cause  the  resulting  phase  of  that  point  on  the  ouq)ut  image  to  be  the  difference 
between  (t)j  and  <(>2 .  Notice  this  only  occurs  if  the  region  of  interest  on  the  SLM  and  the  region  of 

interest  on  the  captured  image  have  a  one-to-one  correspondence.  Therefore  the  phase-modulated 
captured  image  phase  has  the  form  of 

<i3(;c)  =  (3) 

where  4>3(-^)  is  the  phase  as  a  function  of  position  of  this  captured  image.  Since  a  and  b  are 

changes  in  position  for  a  phase  shift  of  2% ,  they  are  also  the  change  in  position  of  one  fringe  pat¬ 
tern  (light  to  dark  to  light).  So  then  l/a  and  \/b  can  be  thought  of  as  fiinge  spatial  frequencies  4 
and  fjy  Equation  3  then  becomes 


<1)3(X)  =  2lix{f,-ft,) 


(4) 
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So  if  fj,  is  less  than  4  and  in  the  same  direction,  the  resulting  fringe  pattern  would  have  a  phase 
shift  that  has  a  lower  spatial  frequency  than  the  original  pattern.  Since  this  lower  spatial  frequency 
in  phase  corresponds  to  a  lower  spatial  frequency  of  fringes  in  the  interferometric  pattern,  we  now 
have  a  theoretical  technique  able  to  lower  ouq)ut  fringe  density.  Note  that  if  fb  is  greater  than  4  or 
in  the  opposite  direction,  the  resulting  fringe  pattern  would  have  a  phase  shift  with  a  greater  spa¬ 
tial  frequency  and/or  opposite  direction  than  the  original  pattern.  Also  note  that  equation  4  is  valid 
for  any  direction  as  long  as  fg  and  4  are  in  the  same  direction.  If  we  wish  to  reconstruct  the  origi¬ 
nal  fringe  pattern,  we  easily  see  that  the  original  phase  can  be  found  using 

<l>iW  =  <l)2W  +  <t>3W-  (5) 

Since  the  modulated  fringe  pattern  and  the  phase  profile  on  the  LCTV  each  have  phase  intensity 
values  for  each  pixel,  a  reconstructed  fringe  pattern  of  the  original  interferometric  output  can  be 
generated  to  prove  the  initial  image  is  recoverable  from  the  resulting  fringe  pattern  and  the  phase 
profile  placed  on  the  SLM. 

For  the  twisted,  nematic  liquid  crystal  display  to  produce  mainly  phase  modulation,  cer¬ 
tain  modifications  are  necessary.  Initially,  the  crossed  polarizers  on  opposite  ends  of  the  LCTV 
are  removed  to  eliminate  amplitude  modulation  due  to  polarization.  Also,  the  polarization  angle 
of  the  laser  beam  is  aligned  to  be  parallel  to  the  liquid  crystal  alignment  at  the  front  surface  of  the 
LCTV.  Also,  the  bias  voltage  value  for  the  LCTV  is  set  below  the  optical  threshold  to  reduce 
polarization  moditiation  while  inside  the  device. 

Referring  to  Figure  1  as  the  optical  apparatus,  a  Mach-Zender  interferometer  is  set  up 


using  a  488  nm  argon  laser  to  produce  the  fringes.  This  beam  is  incident  on  PI  aligned  with  the 
plane  of  polarization  angle  of  the  AR  laser.  The  light  is  then  incident  on  a  half-wave  plate 


Bl,  B2,  B3;  Beamsplitters 
MOl,  M02:  Microscope  Objectives 
FTl,  FT2:  Fourier  Transform  Lens 
SLM:  Spatial  Light  Modulator 


Ml:  Mirror,  PI:  Polarizer 
SFl,  SF2:  Spatial  Filters 
CCD:  Imaging  Camera 
PL1,PL2:  Plastic  Lens 
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that  is  oriented  so  that  the  outgoing  polarization  angle  is  parallel  to  the  alignment  of  the  liquid 
crystals  on  the  front  surface  of  the  SLM,  Next,  B 1  amplitude  divides  the  beam  into  the  reference 
and  measurand  arm  of  the  interferometer.  For  the  measurand  arm,  MOl  focuses  the  light  through 
pinhole  SFl  that  spatially  filters  the  beam.  FTl  then  is  placed  a  focal  length  away  from  SFl  so 
that  a  plane  wave  exits  FTl.  This  plane  wave  is  then  modulated  by  a  SLM  placed  perpendicular  to 
the  direction  of  propagation  of  the  wave.  Ml  then  directs  the  beam  so  that  it  is  recombined  with 
the  reference  wave  by  B2  and  imaged  onto  the  CCD.  For  the  reference  arm,  a  plane  wave  is  cre¬ 
ated  similar  to  how  the  plane  wave  for  the  measurand  arm  is  created.  The  only  difference  is  the 
absence  of  a  phase  modulator  in  the  reference  arm  of  the  interferometer.  Plastic  lenses  of  n=1.498 
are  then  used  as  phase  objects.  PLl  is  placed  in  the  measurand  arm  right  after  the  LCTV  and 
before  Ml.  PL2  is  placed  between  FT2  and  B2  of  the  reference  arm.  These  are  placed  at  positions 
appropriate  to  create  a  viable  interference  pattern.  For  coarser  fringe  patterns,  another  phase 
object  (a  small  piece  of  clear  35  mm  film)  is  placed  before  PL2  in  the  reference  arm  of  the  inter¬ 
ferometer.  Depending  on  the  angular  position  of  the  phase  object  or  objects  relative  to  the  refer¬ 
ence  beam,  varying  coarse  phase  patterns  are  generated. 

A  somewhat  linear  fringe  pattern  is  initially  created  by  the  interferometer.  A  phase  ramp 
similar  to  Figure  2a  is  imaged  upon  the  SLM.  This  phase  ramp  is  a  linear  pattern  of  intensity  0  to 
intensity  b  scaled  across  a  set  width  of  pixels.  For  Figure  2a,  the  phase  ramp  width  is  20  pbcels 
and  b  has  an  intensity  of  170.  Figure  2b  shows  fringe  density  reduction  for  a  fringe  pattern  of 
increasing  density  within  the  region  of  interest  Notice  the  phase  ramp  is  modeled  to  be  similar  in 
form  to  the  fringe  pattern.  This  is  necessary  for  this  fringe  reduction  technique  to  be  valid. 


Figure  2a  Figure  2b 

With  the  goal  of  the  research  being  increased  resolution  of  siuface  profiles,  the  initial 
fringe  pattern  needs  to  be  recoverable.  Therefore  a  technique  must  be  developed  to  reconstruct  the 
original  fringe  pattern.  Using  equation  5,  the  modulated  fringe  pattern  must  first  be  mapped  from 
an  intensity  pattern  to  a  phase  distribution.  Using  a  gradient  technique  to  map  phase,  the  modu¬ 
lated  fringe  pattern  was  mapped  to  a  phase-related  intensity  distribution  using  the  formula 


where  I2  is  the  phase  related  intensity  of  the  modulated  fringe  pattern,  is  as  defined  earlier,  Ij  is 
the  intensity  of  the  modulated  fringe  pattern,  A^  is  the  bias  intensity  of  the  fringe  pattern,  and  B^ 

is  the  amplitude  intensity  of  the  fringe  pattern.  Equation  6  is  derived  from  equation  2  and  the 
equation  for  the  intensity  of  a  fringe  pattern, 

/i  =  +5jsin(l).  (7) 

The  intensity  distribution  from  equation  6  and  the  intensities  of  the  phase  ramp  placed  on  the 
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SLM  are  then  added  to  get  the  original  phase  mapped  intensities.  These  are  converted  to  CCD 
pixel  intensities  using  equation  7  to  reconstruct  the  original  fringe  pattern.  Figure  3a  shows  the 
original  fringe  pattern,  3b  shows  the  phase  ramp  imaged  onto  the  SLM,  3c  shows  the  resulting 
modulated  fringe  pattern,  and  Figure  3d  shows  the  computer  generated  fringe  pattern  using  the 
described  reconstruction  technique.  The  noise  in  Figure  3d  comes  mainly  from  Figure  3c. 


From  Figure  2,  it  is  shown  that  the  spatial  frequency  of  an  interferometric  fringe  pattern 
can  be  reduced  using  an  LCTV  as  a  phase  modulating  SLM.  From  Figttte  3d,  it  is  shown  that  the 
original  fringe  pattern  can  be  recovered  using  a  computational  technique.  This  allows  the  original 
fringe  pattern  to  be  known  only  from  the  phase  function  placed  on  the  SLM  and  the  resultant 
modulated  fringe  pattern  captured  by  a  CCD. 

Applications  of  this  technique  are  varied.  Flat  surfaces  with  large  bumps  or  pits  not  map- 
pable  using  interferometric  means  could  now  be  mapped.  This  would  involve  circular  or  elliptical 
phase  ramps  to  initially  try  to  reduce  the  fringe  density.  Also,  curved  surfaces  with  bumps  or  pits 
could  be  mapped  using  a  phase  ramp  modeled  to  fit  the  surface  anomaly.  Path  noise  could  also  be 
removed  using  this  technique  similar  to  an  adaptive  optics  system.  Currently,  pixel  size  and 
response  time,  limit  the  use  of  LCTV  as  phase  modulating  SLMs.  Vfith  future  improvements, 
applications  toward  more  detailed  and  complex  analysis  should  be  possible. 

The  author  wishes  to  thank  Dr.  Eddy  Tam  for  his  guidance  during  the  project 
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In  laser  driven  inertial  confinement  fusion  systems,  it  is  desirable  to 
produce  smooth  focal  plane  intensity  profiles  [1].  Traditionally,  binary 
random  phase  plates  (RPPs)  have  been  used  to  produce  a  focal  plane 
irradiance  profile  which  consists  of  a  smooth  Airy  function  shaped  envelope 
and  a  superimposed  fine  scale  speckle  pattern.  The  speckle  is  smoothed  by 
conduction  smoothing  in  the  laser  produced  plasma  and/or  by  externally 
imposed  temporal  smoothing  methods.  Although  easy  to  fabricate  and  use, 
the  RPPs  have  very  limited  flexibility  in  producing  arbitrary  shaped 
irradiance  profiles.  In  addition,  the  secondary  maxima  of  the  Airy  profile  lead 
to  a  15%  loss  of  the  energy  from  the  desired  region  in  the  focal  plane.  This 
loss  of  the  laser  energy  requires  the  operation  of  the  fusion  lasers  at  higher 
energies  thereby  increasing  their  cost  of  operation.  Additionally  the  scattered 
energy  could  also  cause  optical  damage  to  detection  equipment  near  the 
target. 

In  order  to  overcome  these  limitations  of  the  RPPs,  we  have  recently 
proposed  [2]  new  phase  plate  designs  for  producing  arbitrary  shaped  focal 
plane  intensity  profiles  which  contain  greater  than  95%  of  the  incident 
energy.  We  presented  a  robust,  iterative  algorithm  based  on  the  phase 
retrieval  algorithms  for  generating  the  appropriate  phase  screens  (called 
kinoform  phase  plates  or  KPPs)  for  producing  quite  complex  intensity  profiles 
in  the  focal  plane.  In  this  procedure,  an  initial  random  phase  screen  is 
systematically  improved  upon  by  repeatedly  transforming  the  complex 
electric  fields  between  the  near-field  and  the  far-field  planes  and  applying 
appropriately  chosen  constraints  in  each  plane.  The  process  was  successfully 
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applied  to  design  KPPs  that  produce  complex  far-field  profiles  such  as  the  logo 
of  our  Laboratory. 

As  robust  as  the  algorithm  is,  it  suffers  from  one  serious  limitation:  if 
one  launches  the  iterative  process  using  a  random  phase  screen  as  an  initial 
guess,  the  algorithm  stagnates  at  the  positions  of  the  intensity  zeros  in  the 
near-field  and  phase  vortices  are  introduced  at  these  points.  Further  iterations 
are  unable  to  remove  these  vortices.  These  vortices  lead  to  ~  2:1  intensity 
modulations  immediately  following  the  phase  screen  and  also  to  a  few 
percent  scattering  loss  of  energy  in  the  focal  plane.  The  inherent  singularities 
at  these  vortices  also  make  it  impossible  to  unwrap  the  phase  screen  into  a 
continuous  phase  profile. 

Continuously  varying  phase  screens  offer  several  advantages  over 
those  containing  2n  discontinuities.  One  important  advantage  is  that  the 
propagated  field  past  such  a  KPP  exhibits  a  low  level  of  intensity  modulation. 
This  should  minimize  the  damage  threat  to  the  downstream  optics.  Since  the 
phase  appears  continuous  for  the  fundamental  and  harmonic  wavelengths  as 
well,  the  intensity  modulations  remain  small  at  these  wavelengths  and  hence 
the  unconverted  laser  light  also  does  not  experience  any  significantly 
increased  level  of  intensity  modulation  because  of  the  KPP .  The  absence  of  2k 
jumps  also  eliminates  the  large  angle  scattering  losses  from  these  edges  and 
increases  the  energy  concentration  inside  the  central  spot.  Phase  screens 
without  2k  discontinuities  are  also  useful  when  fabrication  techniques  such 
as  ion  exchange  methods  or  volume  holographic  methods  are  used. 

In  spite  of  the  advantages  of  continuous  phase  screens,  the  problem  of 
designing  such  phase  screens  has  eluded  us  for  some  time.  Typically, 
smoothly  varying  phase  screens  lead  to  Gaussian  envelopes  in  the  far-field 
whose  size  is  related  to  the  correlation  length  and  the  variance  of  the  phase 
profile.  Recent  attempts  [3]  to  improve  on  the  iterative  algorithm  have  been 
unsuccessful  where  the  authors  used  a  continuous  phase  as  a  starting  point  in 
an  iterative  algorithm  and  concluded  that  the  2k  line  discontinuities  crept  in 
after  only  two  iterations. 

We  have  developed  an  iterative  procedure  for  constructing  fully 
continuous  phase  profiles  for  producing  arbitrary  focal  plane  intensity 
profiles.  While  condnuous  phase  screens  can  be  easily  designed  in  simpler 
situations  such  as  circularly  symmetric  phase  profiles  and  x-y  separable  phase 
profiles,  the  new  algorithm  is  applicable  to  fully  two-dimensional  non- 
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separable  situation.  The  algorithm  is  launched  with  a  continuous  phase 
profile  as  an  initial  guess.  The  continuous  nature  of  the  phase  is  maintained 
throughout  the  iteration  cycles  by  a  careful  application  of  the  constraints  in 
the  near-field  and  the  far-held.  The  details  of  the  procedure  will  be  presented 
during  the  presentation. 

We  have  applied  this  new  algorithm  to  generate  continuous  phase 
profiles  for  producing  superGaussian  focal  plane  intensity  distributions.  The 
converged  phase  continuous  phase  screen  and  its  corresponding  far-field 
intensity  profile  are  shown  in  figure  1.  The  azimuthally  averaged  far-field 
profile  corresponds  to  an  approximately  12th  power  superGaussian  and 
contains  greater  than  98%  of  the  incident  energy  inside  it.  We  have  also 
applied  the  algorithm  to  generate  complex  far-field  profiles.  The  results  will 
be  presented. 

This  work  was  performed  under  the  auspices  of  the  U.  S.  Department  of 
Energy  by  the  Lawrence  Livermore  National  Laboratory  under  Contract  No. 
W-7405-Eng-48. 
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Figure  la.  Continuous  phase  screen  for  producing  a  superGaussian  focal 
plane  intensity  profile.  The  phase  values  range  from  0  (black)  to  43  radians 
(white).  The  gray  scale  is  linear  between  black  and  white. 


Figure  lb.  Far-field  intensity  distribution  produced  by  the  phase  screen 
shown  in  figure  la.  The  far-field  has  an  approximately  12th  power 
superGaussian  profile  and  contains  98%  of  the  incident  energy  inside  it. 
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In  laser  driven  inertial  confinement  fusion  systems,  it  is  necessary  to 
produce  smooth  focal  plane  intensity  profiles  [1].  The  desired  intensity 
distribution  consists  of  a  superGaussian  envelope  with  a  superimposed 
speckle  on  it.  The  speckle  pattern  is  smoothed  either  by  the  plasma  or  by  other 
temporal  smoothing  techniques.  Binary  random  phase  plates  (RPPs)  are 
inadequate  for  spatial  smoothing  as  they  lead  to  Airy  function  envelopes  in 
the  far-field  and  are  only  84  %  efficient.  Furthermore  RPPs  also  introduce 
large  intensity  modulations  in  the  propagated  intensity  past  the  RPP  which 
can  potentially  damage  the  optics  downstream  from  the  RPPs. 

In  order  to  overcome  these  limitations  of  the  RPPs,  we  have  recently 
designed  new  phase  plates  for  producing  superGaussian  focal  plane  intensity 
profiles.  Such  phase  plates  consist  of  smoothly  varying  phase  profiles  only  a 
few  waves  deep.  The  propagated  field  past  such  a  KPP  exhibits  a  low  level  of 
intensity  modulation.  The  absence  of  2k  jumps  also  eliminates  the  large  angle 
scattering  losses  from  these  edges  and  increases  the  energy  concentration 
inside  the  central  spot.  The  calculated  far-field  profile  contains  greater  than 
98%  of  the  incident  energy  inside  the  superGaussian  spot. 

The  kinoform  phase  plates  can  be  fabricated  either  as  a  several  waves 
deep  smooth  surface  relief  pattern  or  as  a  one-wave  deep  pattern  after  re¬ 
wrapping  the  phase.  The  latter  design  contains  2k  jumps  that  occur  either  as 
closed  loop  structures  or  as  lines  extending  from  one  edge  to  another  edge  on 
the  input  aperture.  Use  of  the  phase  plates  in  fusion  laser  systems  also 
requires  that  they  be  resistant  to  optical  damage  under  high  fluence 


164  /  JTuB16-2 


irradiances  (several  J/cm2).  Moreover,  the  phase  plates  have  to  be  located  at 
the  end  of  the  fusion  laser  chains  (where  the  laser  beam  size  is  large  ~  40  cm 
for  the  Beamlet  laser)  in  order  to  prevent  any  potential  optical  damage  to 
downstream  optics.  These  requirements  imply  that  the  phase  plates  have  to 
fabricated  on  large  fused  silica  substrates. 

Fabrication  of  continuous  phase  plates  requires  patterning  the  required 
surface  relief  structure  in  a  photoresist  layer  and  its  subsequent  transferring 
into  fused  silica  by  some  form  of  dry  etching  (reactive  ion  etching  or 
chemically  assisted  ion  beam  etching).  The  aperture  sizes  that  can  be 
fabricated  using  this  approach  are  currently  limited  to  a  few  centimeters  in 
diameter  due  the  size  of  available  ion  etching  machines.  On  the  other  hand,  a 
one  wave  deep,  mod-27t  phase  profile  can  be  easily  fabricated  using  the 
lithographic  process  with  binary  masks  and  wet  etching  of  fused  silica  in 
hydrofluoric  acid.  We  have  demonstrated  the  scalability  of  such  process  to 
large  apertures  (up  to  80-cm  diameter)  in  our  binary  RPP  fabrication  for 
smoothing  the  Nova  laser  focal  spot.  For  these  reasons  we  have  chosen  to 
fabricate  40-cm  size  KPPs  in  fused  silica  using  the  multiple-mask,  wet-etch 
method. 

The  continuous  KPP  phase  screen  was  first  rewrapped  to  a  one-wave 
deep  structure  and  was  quantized  to  16  levels.  This  quantized  phase  screen 
can  be  fabricated  using  four  binary  masks  combined  with  differential  etching 
for  each  mask  step.  This  quantization  leads  to  about  1%  decrease  in  the 
efficiency. 

The  required  binary  masks  were  patterned  in  chrome  coated  fused 
silica  substrates  by  patterning  an  overlayer  of  photoresist  and  etching  away 
the  unprotected  chrome.  We  used  fused  silica  substrates  for  the  masks  as  well 
in  order  to  equalize  the  thermal  expansion  coefficients  of  the  KPP  and  the 
mask  substrates.  The  mask  substrates  (also  ~40  cm)were  chrome  coated  by 
vapor  deposition  and  were  subsequently  coated  with  a  ~  350  nm  layer  of 
photoresist  using  a  large  aperture  meniscus  coater  developed  at  our 
Laboratory.  The  patterning  of  the  photoresist  was  done  on  a  large  aperture 
photoplotter  developed  in  our  laboratory.  Here  the  photoresist  is  exposed  by 
delivering  the  414  nm  light  from  an  Kr-ion  laser  through  a  300  pm  aperture 
placed  approximately  15  pm  above  the  substrate.  The  long  time  required  for 
writing  the  masks  (~3  days  for  each  mask)  required  us  to  control  the 
temperature  of  the  plotter  table  (made  of  aluminum)  to  0.02  degrees 
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centigrade  throughout  the  plotting  period.  This  enabled  us  to  prepare  the 
binary  masks  with  about  1pm  precision  (positioning  as  well  as  pixel  size)  over 
the  entire  aperture. 

The  KPP  was  fabricated  by  transferring  these  binary  patterns  into  a 
photoresist  layer  deposited  over  the  fused  silica  substrate  by  exposing  under  a 
UV  lamp,  developing  away  the  exposed  resist  and  etching  the  unprotected 
fused  silica  in  a  buffered  hydrofluoric  acid  solution.  This  process  was  repeated 
for  each  of  the  four  masks.  The  etch  depth  for  the  first  mask  step  is 
^/2(n-l)  where  X  is  the  operating  wavelength  (351nm)  and  n  the  substrate 
refractive  index  at  this  wavelength.  It  is  reduced  by  a  factor  of  2  with  each 
subsequent  mask  step.  The  alignment  accuracy  between  various  masks  is 
about  l-2pm. 

To  evaluate  the  optical  performance  of  the  16-level  KPP,  we 
illuminated  a  30-cm  diameter  portion  of  the  KPP  by  a  spatially  coherent  351 
nm  laser  and  investigated  the  focal  plane  irradiance  distribution  produced  by 
it.  Preliminary  results  indicate  that  the  far-field  spot  resembles  a  super- 
Gaussian  and  contains  approximately  94%  of  the  incident  energy  inside  it. 

This  compares  well  with  the  predicted  efficiency  of  about  97%  after  allowing 
for  the  quantization  and  mask  misalignment  losses.  Detailed  results 
including  the  sources  of  the  efficiency  loss  will  be  discussed  during  the 
presentation. 

This  work  was  performed  under  the  auspices  of  the  U.  S.  Department  of 
Energy  by  the  Lawrence  Livermore  National  Laboratory  under  Contract  No. 
W-7405-Eng-48. 
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1.  Introduction 

Computer-generated  holograms  (CGH's)  have  proved  effective  as  non-periodic  diffractive  elements  for 
beam  shaping.  The  elements  are  usually  designed  with  the  iterative  algorithms  based  on  the  Gerchberg-Saxton 
Algorithm  [1-3].  However,  the  initial  random  phase  and  the  phase  freedom  in  the  image  plane  used  in  those 
algorithms  introduce  speckle  noise  in  the  reconstructed  image  [4].  Several  techniques  have  been  proposed  for 
designing  speckle-free  CGH's. 

In  this  paper  we  describe  speckle-free  phase-mostly  Fresnel  holograms.  In  our  design  we  use  the  linear 
spatial  filter  for  computing  the  Fresnel  transform  and  apply  the  band-limitation  constraint  on  the  Fourier 
spectrum  of  the  reconstructed  image.  We  choose  the  constant  initial  phase  for  iterations,  that  can  avoid  the 
speckles  caused  by  isolated  point  zeros  in  the  reconstruction  plane.  We  show  that  the  constant  initial  phase  is 
suitable  in  the  case  of  Fresnel  holograms  as  the  spherical  initial  phase  is  suitable  for  Fourier  holograms.  We 
demonstrate  good  quality  speckle-free  phase-only  Fresnel  holograms  using  a  coupled-mode  modulation  LCTV 
as  phase-mostly  spatial  light  modulator  (SLM)  [5]. 

The  design  technique  is  also  used  for  a  non-periodic  beam-shaping  Fresnel  hologram  which  is  under 
fabrication  in  Honeywell  through  the  CO-OP/ARPA  diffractive  optics  workshop.  The  element  was  designed  to 
shape  a  laser  diode  elliptical  pattern  into  a  square  flat  top  pattern.  In  the  design  we  consider  that  the  laser  diode 
pattern  is  approximately  a  gaussian  energy  distribution  in  the  x-y  plane. 

2.  Speckle-free  design  technique 

When  designing  a  CGH  or  a  non-periodic  beam  shaping  element  a  random  phase  is  usually  added  to  the 
image  in  order  to  spread  out  its  Fourier  spectrum.  Also  with  the  iterative  method,  the  phase  of  the  image  in  the 
reconstruction  plane  is  used  as  a  free  parameter  in  order  to  provide  the  degree  of  freedom  for  the  iteration  to 
converge.  However,  in  the  optical  implementation  of  such  holograms  the  introduction  of  the  random  phase  can 
cause  problems  because  the  Fourier  spectrum  of  the  image  can  be  spread  over  the  entire  Fourier  plane,  whereas 
the  CGH  is  of  finite  size.  As  a  result,  a  severe  information  loss  will  occur  and  the  optically  reconstructed  image 
from  the  resultant  CGH  will  contain  strong  speckle  noise  [6],  which  is  not  desirable  in  many  applications. 

The  speckle  noise  can  do  not  appear  in  the  design  of  the  CGH,  because  the  discrete  Fourier  transform 
in  the  computation  gives  the  amplitude  and  phase  information  of  the  reconstructed  image  only  at  the  sampled 
points.  However,  the  optical  reconstruction  is  continuous.  The  finite  CGH  aperture  leads  to  interpolation 
among  the  sampled  image  values  by  a  sine  function.  When  the  image  with  random  phase  is  not  a  band  limited 
function,  the  interpolation  with  the  sine  function  leads  to  large  intensity  variations,  e.g.  speckle  noise,  on  the 
optically  reconstracted  image. 

Figure  1  shows  how  the  random  phase  affects  the  optical  reconstruction.  The  top  part  of  figure  1 
depicts  16  sample  values  of  an  one-dimensional  image  Ifml.  We  multiply  Ifml  by  a  phase  function,  compute  its 
Fourier  transform  and  then  reconstruct  the  image.  In  the  example  of  Fig.  lb  the  phase  is  constant,  resulting  in 
no  changes  of  the  image  bandwidth.  The  interpolation  with  the  sine  function  does  not  lead  to  a  large  amplitude 
variation  in  the  reconstructed  image.  In  the  example  of  Fig. la  the  phase  function  is  exp(27cnni),  where  nju  is  a 
white  noise.  The  random  phase  introduces  higher  frequency  components  and  enlarges  the  bandwidth  of  the 
image  sp)ectrum,  resulting  in  large  amplitude  variations  in  between  the  sampled  values  of  the  reconstructed  Ifml. 
To  show  the  effect  of  the  interpolation  with  sine  functions  in  the  computer  simulation,  we  increase  the  sampling 
rate  of  the  reconstructed  image.  The  bottom  part  of  Fig.l  shows  32  sample  values  of  the  reconstructed  image  at 
the  double  sampling  rate.  The  reconstructed  image  Ifml  in  the  example  of  figure  Fig. lb  is  smooth,  and  that  in 
the  example  of  Fig. la  has  large  amplitude  variations,e.g.  speckle  noise.  Note,  however,  that  the  16  sample 
values  of  Ifml  at  the  initial  sampling  locations  are  still  equal  to  that  of  the  original  image  Ifml  in  both  examples. 
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(a)  (b) 

Figure  1:  Top:  Sampled  image;  Middle;  phase  factors  added  to  the 
image;  Bottom:  Reconstructed  images  from  fmexp[j27nim]  with  a 
double  sampling  rate. 

Three  factors  should  be  considered  in  the  iterative  designing  of  the  speckle-free  CGH's.  One  is  that  the 
sampling  rate  should  be  increased  in  the  reconstruction  plane  in  order  to  simulate  the  speckle  noise  which  will 
appear  in  the  optical  reconstruction.  Another  factor  is  that  a  Fourier  plane  constraint  should  be  applied,  such 
that  the  reconstructed  image  is  a  band-limited  function.  Finally,  as  shown  by  Wyrowski  et.al.,  although  the 
iterative  technique  with  band-limitation  constraint  can  smooth  out  most  7i-phase  jumps  in  the  reconstructed 
image,  and  remove  most  speckle  noise,  there  could  be  still  some  isolated  point  zeros  in  the  reconstructed 
image.  Tracing  the  phase  along  a  closed  circle  around  those  point  zeros,  the  phase  can  shift  by  2n.  When  a  7i- 
jump  on  those  circle  is  removed  by  the  iteration,  a  new  n-jump  will  occur  on  the  same  circle,  so  that  those  point 
zeros  can  not  be  removed  by  the  iteration.  Wyrowski  suggested  to  choose  initial  phase  of  the  iteration  and 
Teiwes  [4]  used  an  initial  spherical  phase  to  effectively  remove  those  isolated  point  zeros  in  Fourier  holograms. 
We  show  below  the  implementation  of  the  above  three  considerations  in  the  design  of  speckle-free  Fresnel 
holograms. 

3.  Speckle-free  phase-mostly  Fresnel  holograms 

Figure  2  shows  the  design  scheme.  We  start  the  design  by  positioning  the  desired  image  amn  =  in 
window  of  M  X  N  size  centered  in  a  2M  x  2N  matrix,  that  results  in  a  image  f  ^n.z  in  the  reconstruction  plane. 
Inside  the  reconstruction  window  we  have  freedom  of  phase.  Outside  the  window  we  have  freedom  of  phase 
and  amplitude.  The  initial  phase  is  chosen  as  a  constant  phase. 

=  [F.,,]  =  FT-'  |AF„,.exp  n^)'  |  (D 

The  Fresnel  diffraction  is  calculated  using  a  linear  spatial  filtering  [7].  The  free  propagation  at  a  distance 
z  from  the  hologram  fmn.o  to  the  reconstructed  image  fmn.z  is  described  by  Eq.  1  where  Fki  o  is  the  Fourier 
transform  of  fnin,o;  F^i  z  is  the  Fourier  transform  of  fmn.zi  na  and  n  are  the  image  plane  coordinates,  k  and  1  are 

the  Fourier  plane  coordinates;  A  is  the  amplitude  of  the  plane  wave;  X  is  the  wave  length;  MxN  are  the  number 
of  elements  of  the  hologram  matrix  structure  and  d^  and  dy  are  the  size  of  each  hologram  element.  From  Eq.(l) 
the  free  propagation  is  characterized  by  a  transfer  function  Hki  ^,  given  by: 
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To  calculate  the  inverse  propagation  from  the  reconstruction  plane  to  the  hologram  plane,  we  apply  the  inverse 
propagation  filter 


Uo=FT-' 


kl,z 


H 


kl,z 


(3) 


The  constraint  in  the  hologram  plane  is  the  phase  modulation  characteristic  of  the  SLM,  which  is  a  phase- 
mostly  liquid  crystal  television  (LCTV)  with  a  sUght  coupled  amplitude  modulation  [6]. 
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Figure  2:  The  Iterative  Algorithm  applied  in  design  of  speckle  free  phase- 
only  fresnel  holograms. 

The  hologram  is  of  M  x  N  size.  For  computing  the  free  propagation  from  the  hologram  plan  to  the 
image  plan,  we  use  the  Fourier  transform  of  f^n.o  which  is  Fki,o  of  M  x  N  size.  We  multiply  it  with  Hki.z-  In 
this  step  we  introduce  the  MxN  spectrum  Fki,oHici,z  inside  a  2M  x  2N  zero  matrix  before  computing  the 
reconstructed  image,  that  doubles  the  sampling  rate  of  the  image  in  order  to  simulate  the  optical  reconstructed 
image  with  the  speckle  noise. 

The  image  plane  constraint  is  that  the  amplitude  Ifmn.zl  must  be  proportional  to  a^n  inside  the 
reconstruction  window  gr.  The  band-limited  constraint  is  applied  on  the  Fourier  transform  Fki,z  of  the  image 
fmn.z,  that  is  Fki,z  =  0  outside  a  center  square  of  M  x  N  size.  The  new  information  fmn.z  is  used  in  the  next 
iteration.  The  iterations  continues  until  no  significant  reduction  in  the  mean  square  error  is  achieved. 


hologram;  (c)  speckle-free  reconstruction 

For  Fourier  holograms,  the  initial  spherical  phase  is  a  suitable  choice  because  it  is  natarally  band  limited 
in  the  Fourier  plane  (hologram  plane).  By  adjusting  its  radius  we  can  spread  the  light  only  in  the  region  of  the 
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hologram.  For  Fresnel  holograms,  the  initial  constant  phase  is  a  suitable  choice  because  we  are  forcing  the 
spectrum  of  the  function  Fki,z  to  be  concentrated  in  the  center  of  the  Fourier  plane,  and  consequently,  band 
limit^.  During  the  calculus  of  the  inverse  and  direct  propagation,  the  phase  variation  of  the  phase  function 
Hki.z  is  more  smooth  in  the  center  of  the  frequency  plane,  what  does  not  introduces  a  strong  phase  variation 
(deviation)  in  Fki,z,  resulting  in  a  smooth  hologram. 

4  Experimental  results 

We  designed  a  phase-mostly  Fresnel  hologram  with  the  dimensions  of  200  x  200  pixels,  that  is  to  be 
displayed  in  a  coupled-mode  LCTV  [5].  The  desired  reconstruction  is  the  intensity  of  the  image  shown  in 
figure  3a  with  a  size  of  400  x  400  pixels.  This  image  is  placed  in  a  reconstruction  region  gr  with  the  same  size, 
400x400  pixels  (we  use  only  the  freedom  of  phase  in  the  reconstruction).  Figures  3b  and  3c  show  the 
computer  generated  hologram  and  computer  reconstruction  after  50  iterations.  The  distance  z  for  the  free 
propagation  is  3  m,  the  LCTV  pixels  size  are  dx=10.9  10-5  m  and  dy=9.0  10-5  m,  and  the  light  wavelength  is 

2.=632.8  10-9  n,  figure  4a  shows  the  optical  reconstruction.  We  note  the  absence  of  the  speckle  noise.  To 
compare  the  quality  of  our  result,  we  generated  a  Fresnel  hologram  using  a  initial  random  phase  and  an  iterative 
algorithm  without  force  the  reconstruction  fmn.z  to  be  a  band  limited  distribution.  Figure  4b  shows  the  noisy 
optical  reconstruction. 


Figure  4:  (a)  optical  speckle-free 
reconstruction;  (b)  noisy  optical 
reconstruction 
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Diffractive  lenses  for  laser  diode  beam 
focusing  collimating  and  coupling  have  wide 
applications.  Large  numerical  aperture  and  high  light 
efficiency  are  important  issues  for  the  coupling  lenses. 
Numerical  aperture  of  a  typical  laser  diode  beam  can 
be  as  large  as  NA  ~  0.5.  To  capture  the  highly 
divergent  beam  the  lens  must  have  a  low  F-number  of 
F/1  ~  F/2.  Coupling  the  laser  beam  into  an  optic  fiber 
with  an  acceptance  angle  of  NA  -  0.1  -  0.2  needs 
even  larger  numerical  aperture  of  the  lens. 

We  designed  a  focusing  and  shaping  lens 
which  is  fabricated  in  the  Honeywell/CO-OP 
diffractive  optics  workshop.  The  lens  is  of  (j)  =  5  mm, 
minimum  feature  size  5  =  1 .5  \im  and  phase  levels  N 
=  8  for  wavelength  X  =  850  nm.  With  the 
conventional  design  the  outermost  Fresnel  zone  will 
have  a  minimum  width  of  N5  =  12  jam,  resulting  a 
lens  of  about  F/7.  Reducing  the  phase  levels  to  N  = 
2  leads  to  a  minimum  zone  width  N5  =  3  |im  and 
F/1. 7,  resulting  in  a  diffraction  efficiency  of  40%.  The 
uniform  etching  depths  in  the  workshop  foundry  does 
not  allow  us  to  make  multi-order  lens^ 

To  design  a  high  efficiency  fast  focusing  lens 
we  choose  the  method  proposed  by  Welch  et.al.^, 
which  is  useful  for  encoding  radially  symmetric 
discrete  phase  lenses.  In  the  encoding  the  photomask 
resolution  Ap  is  used  instead  of  the  minimum  feature 
size  5  as  the  sampling  interval.  The  minimum  feature 
size  5  is  still  respected.  The  feature  sizes  become  6, 
5+Ap,  8+2ap  ...  instead  of  5,  25,  35  ...  Since  Ap 
«  5  the  degrees  of  freedom  for  the  iterative 
simulated  annealing  optimization  are  dramatically 
increased.  In  this  paper  we  design  high  efficiency 
large  aperture  focusing  and  shaping  lenses  with 
elliptical  incident  beam  using  this  technique.  We 
estimate  aberrations  and  effects  of  the  sampling  rate 
and  of  the  fabrication  errors  of  those  particular  type 
lenses. 


1.  Simulated  annealing  algorithm 


In  the  photolithographic  process  the  position 
accuracy  of  mask  features  is  determined  by  the  e- 
beam  mask  writing,  while  the  minimum  feature  size 
5  depends  on  the  mask  alignment.  We  divide  a 
radially  symmetric  diffractive  lens  into  P  ring-shaped 
cells  of  equal  radial  width  of  Ap,  where  Ap  «  5  is 
the  resolution  of  the  photomasks.  Then,  we  regroup 
the  cells  into  T  rings.  Each  ring  has  a  constant  phase 
(t)(p)  for  p,  <  p  <  Pi+i  and  the  minimum  feature  size 
is  respected  pj+j  -  pt  >  5. 

In  the  simulated  annealing^  we  change 
randomly  the  phase  value  (j)^  and  the  locations  of  the 
phase  transition  points  p^  and  p^+i-  The  latter 
corresponds  to  change  the  number  of  cells  in  a  ring. 
Then,  we  calculate  the  cost  function.  When  the  cost 
is  reduced  the  change  is  accepted.  When  the  cost  is 
augmented  the  change  is  accepted  with  a  probability, 
which  decreases  with  the  decrease  of  a  temperature 
parameter.  In  one  iteration  all  the  rings  are  visited 
consecutively  from  the  innermost  to  outermost  ring. 
The  iteration  is  then  repeated  with  a  lower 
temperature  until  the  temperature  becomes  sufficiently 
low.  The  initial  state  of  the  lens  should  not  affect  the 
final  solution  of  the  simulated  annealing  if  the  initial 
temperature  is  sufficiently  high. 

The  near  field  diffraction  of  the  fast  lens  is 
computed  with  the  Rayleigh- Sommerfeld  formula  as. 


-  ^//j,^(p.0)exp[;<t>(p)] 


exp(/A:roj) 


(1) 


cos(n,  fQ^)pdpdd 
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where  j  =  V-1,  X  is  the  wavelength,  k  =  2k/X, 
A(p,0)  is  the  incident  amplitude,  exp|j<t)(p)]  is  the 
lens,  Vqi  is  the  displacement  vector  from  a  point  (p,6) 
in  the  lens  plane  to  a  point  (r,\|/)  in  the  focal  plane. 
The  directional  factor  cos(n,roi)  =  f/r^j,  where  f  is  the 
focal  length.  For  a  given  A(p,0)  the  integral  with 
respect  to  0  in  the  right-hand  side  of  Eq.(l)  is 
independent  of  the  lens  and  can  be  computed  and 
stored  in  the  computer  before  the  design.  Hence,  the 
diffraction  output  can  be  updated  quickly  for  each 
change  in  the  simulated  annealing  process.  The  cost 
function  is  defined  for  maximizing  the  diffraction 
efficiency  r|  as, 

^1  1  m  n  \^) 


We  designed  focusing  lenses  for  elliptical 
laser  diode  incident  beam  A(p,0).  In  this  case  the 
diffraction  output  is  no  longer  radially  symmetric.  The 
data  to  be  stored  are  a  3-D  array,  which  depends  on 
p,  r  and  the  angular  coordinate  \\f  in  the  focal  plane. 
The  storage  requires  a  much  larger  memory. 
Fortunately,  for  on-axis  focusing  the  diffraction 
pattern  U(r,\ir)  has  a  reflection  symmetry.  We  need  to 
compute  the  data  only  for  a  quarter  of  the  focal  plane. 
The  focal  plane  was  sampled  by  m  =  30  points  in  the 
radial  direction  and  by  every  6“  in  angular  direction. 
We  had  to  use  a  larger  sampling  interval  for  the  lens 
with  Ap  =  0.5  fXm,  the  storage  memory  was  about  18 
Mbytes.  We  needed  about  3  hours  in  the  Silicon 
Graphic  Power  Indigo  2  Computer  for  calculating  the 
3-D  array  and  one  hour  for  optimizing  the  lens  with 
the  simulated  annealing. 


where  I  is  the  incident  power  on  the  lens  and  is 
sampled  U(r,\}/)  with  r  =  mAr  and  \j/  =  nA\j/.  The  r| 
is  calculated  in  an  area  of  five  times  of  the  Airy  size 
of  the  lens. 

Optimized  for  high  efficiency,  the  designed 
lens  can  have  discrete  phase  levels  N  at  the  center, 
but  less  than  N  in  the  outer  region  of  the  lens.  Welch 
et.  al.  obtained  r|  =  90%  for  a  F/1  lens  with  the 
minimum  feature  size  5  =  0.7  |im  and  X,  =  1.3  ^tm. 
We  obtain  rj  =  89%  for  a  F/3  lens  with  6  =  1.5  |LLm 
for  X  =  0.85  |im.  We  note  that  the  efficiency  was 
high  only  for  a  Gaussian  incident  beam  and  was  much 
lower  for  a  uniform  incident  beam.  The  loss  of  power 
due  to  the  lower  number  of  phase  levels  in  the  outer 
region  of  the  lens  is  less  important  for  Gaussian  beam 
than  for  uniform  beam. 

2.  Design  considerations 

(1)  Elliptical  incident  beam:  When  A(p,0) 
is  radially  symmetric  the  diffraction  output  U(r,\|r)  is 
also  radially  symmetric,  we  need  to  compute  the 
output  only  on  one  radius  in  the  focal  plane.  The 
integral  with  respect  to  0  in  Eq.(l)  becomes  a 
function  only  of  the  radial  coordinates  p  in  the  lens 
plane  and  r  in  the  focal  plane.  The  data  stored  in  the 
computer  for  fast  updating  the  cost  function  is  a  2-D 
array.  When  Ap  =  0.1  |im  for  sampling  the  lens 
radius  =  2.5  mm  and  r  =  m(Ar)  is  sampled  with  m 
=0,  1,  ...  30,  for  radially  sampling  the  focal  plane  the 
storage  requires  6  Mbytes  memory. 


(2)  Sampling  interval:  In  the  Rayleigh- 
Sommerfeld  diffraction  Eq.l,  the  phase  term 
exp(jkroi)  is  very  sensitive  to  roi,  the  sampling  rate 
Ap  must  satisfies  the  following  condition, 

Mp{^}  <271  (3) 

ap 


The  maximum  value  of  3roi/ap  occurs  at  p  =  R^j  for 
the  on-axis  focal  point,  where  R^,  is  the  lens  radius. 
Hence,  we  have. 


Ap<X^l  +  (2F/#)^ 


The  Ap  is  limited  by  the  accuracy  in  mask  writing 
and  by  the  size  of  the  3-D  data  stored  in  the 
computer.  We  find  that  when  Ap  varies  from  0.05 
pm  to  0.5  pm  for  F/#  =  1  and  3  the  diffraction 
efficiency  varies  less  than  5%,  because  in  this  case 
the  sampling  interval, 

Ap«0.UF/#  -  0.2AF/#  (3) 


the  condition  described  in  Eq.4  is  satisfied. 


(3)  Beam  shaping:  With  the  elliptical 
incident  beam  the  focal  spot  is  elliptical(see  Fig.l). 
We  designed  a  lens  that  shapes  the  beam  to  yield  a 
circular  focal  spot.  In  the  design  we  added  one  term 
in  the  cost  function  e^  as, 
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e2-ej  + 


m  n _ 

/ 


(6) 


where  U^o  is  a  target  circular  amplitude  distribution 
whose  diameter  is  equal  to  the  long  axis  of  the 
elliptical  focal  spot.  The  elliptical  focus  is  then 
expanded  along  the  short  axis  to  a  circular  spot(see 
Fig.2).  The  lens  is  still  radially  symmetrical.  Its  focal 
length  is  in  fact  changed  by  the  simulated  annealing, 
resulting  in  the  circular  spot  in  the  original  focal 
plane  for  the  elliptical  incident  beam. 


X(um) 


Figure  1.  The  intensity  distribution  of  the  elliptical 
spot. 


(4)  Aberrations:  The  encoding  process 
optimizes  the  discrete  phase  values  and  the  locations 
of  the  phase  transition  points  in  order  to  maximize  the 
diffraction  efficiency.  As  a  consequence,  the  zone 
boundaries  and  phase  profile  of  a  diffractive  lens  are 
violated,  resulting  in  an  important  wavefront 
aberration.  We  interpolated  the  discrete  phase  profile 
of  the  designed  lenses  with  a  polynomial  and 
estimated  the  spherical  aberrations  with  the  CODE  V. 
Figure  3  shows  the  axial  spherical  aberration  of  the 
designed  focusing  and  shaping  lens  of  F/3.  The 
transverse  spherical  aberration  (TSA)  is  smaller  than 
the  Airy  size  for  ray  heights  smaller  than  68%  of  the 
maximum  ray  height.  Outer  this  region  the  TSA 
increases  very  fast  with  the  ray  height.  As  a  result  the 
lens  focuses  most  energy  of  the  Gaussian  beam  into 
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X{um) 

Figure  2.  The  intensity  distribution  of  the  circular 
spot. 


the  diffraction  limited  focal  spot.  The  outer  region  of 
the  Gaussian  incident  beam  go  far  beyond  the  focal 
point.  Its  energy  is  lost. 


Figure  3.  Axial  spherical  aberration. 
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3.  Estimation  of  fabrication  error  effect 

There  are  basically  two  systematic  errors  in 
the  photolithographic  fabrication:  that  in  the  etching 
depth  and  that  in  the  mask  alignment.  Their  effects  on 
the  lens  diffraction  efficiency  can  be  estimated  by 
numerical  simulation. 

For  simulating  the  etching  depth  error  we 
introduced  random  phase  errors  Act)^  in  each  of  three 
etching  process  with  n  =  1,  2,  3.  The  values  of 
were  randomly  distributed  within  <  a(|)  < 

^^max-  Th^  mean  value  of  r|  and  the  standard 
deviation  a  were  computed  as  a  function  of  A(|)n^ax 
and  r\±a  are  plotted  in  Fig.4.  One  sees  that  when  the 
etching  depth  errors  are  controlled  under  300  A  (0.24 
rad  for  A,  =  0.85  |Xm),  the  efficiency  decreases  only  by 
1  -  3  %  for  both  F/1  and  F/3  lenses. 


0.81 


0.8' - ' - ' - 1 - 1 - 1 - 1 - ^ - > 

0  0.05  0.1  0.15  0.2  0.25  0.3  0.35  0.4 

Phase  Enorlrad) 

Figure  4.  Etching  depth  error 

For  simulating  the  mask  alignment  error,  we 
shifted  the  second  mask  in  the  x-axis  by  a  distance  of 
A  with  respect  to  the  first  mask  and  the  third  mask  in 
y-axis  by  the  same  distance.  With  those  alignment 
errors  the  diffractive  lens  were  no  longer  radially 
symmetric.  The  focal  plane  light  amplitude 
distribution  was  calculated  with  the  Rayleigh- 
Sommerfeld  formula.  The  Efficiency  r|  is  computed 
as  a  function  of  a  and  is  plotted  in  Fig.5.  The 
efficiency  is  reduced  by  10%  for  F/3  lens  when  a  = 
0.4  jam  and  by  15%  for  F/1  lens  when  a  =  0.2  |im. 
Misalignment  of  the  mask  can  introduce  new  high 
spatial  frequency  features  to  the  lens  and  reduce  the 
diffraction  efficiency  significantly. 
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Figure  5.  Mask  alignment  error 


5.  Results 

We  have  designed  focusing  and  shaping 
lenses  for  elliptical  shaped  input  beams.  The  phase 
levels  of  the  lenses  is  N  =  8  in  the  center  and  N  <  8 
in  outer  regions.  The  TSA  of  the  lens  is  estimated. 
The  rays  within  the  circle  of  68%  radius  of  the  lens 
are  focused  into  the  Airy  circle.  High  efficiency  is 
only  for  Gaussian  input  beams.  For  uniform  beam  the 
efficiency  was  poor.  Our  best  design  provides 
efficiency  of  89.4%  for  F/3  lens  for  minimum  feature 
size  of  1.5  |LLm  and  A.  =  0.85  |im. 
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1.  Introduction 

Recent  experimental  and  theoretical  investigations  have  shown  that  periodic  subwavelength  structured  surfaces 
with  periods  small  compared  to  the  illumination  wavelength  behave  as  homogeneous  medium,  ^d  have  suggested 
interesting  applications,  such  as  fabrication  of  anti-reflection  coatings^ ,  quarter  wave  plates  ,  polarizers  ,  and 
graded-phasc  diffractive  elements^.  The  replacement  of  the  periodic  structure  by  a  homogeneous  medium  is  often 
referred  as  homogeni2ntion  or  effective  medium  theory  (EMT).  EMT  can  be  applied  to  a  large  variety  of  physical 
material  properties,  such  as  diffusion  constant,  magnetic  permeability,  thermal  conducUvity,  etc.  To  facilitate  the 
design  and  fabrication  of  artiflcial  dielectric  elements,  one  must  be  able  to  relate  the  effective  index  of  the 
subwavelength  structured  surface  in  a  simple  way. 

The  properties  of  one-dimensional  (1-D)  periodic  structures  have  been  analyzed  in  great  detail,  and  the 
equivalence  of  1-D  gratings  and  homogeneous  uniaxial  thin  films  has  been  rigorously  derived  in  the  long 
wavelength  limit.  Limited  research  has  been  done  in  the  area  of  two-dimensional  (2-D)  gratings.  Jackson  and 
Coriell^  derived  upper  and  lower  bounds  of  the  zeroth-order  effective  index  of  2-D  periodic  structures.  More 
recently,  Grann  et  al."^  used  rigorous  coupled-wave  analysis  (RCWA)  to  estimate  the  effective  index  of  2-D  gratings 
by  computer  simulations. 

In  this  paper  we  study  the  EMT  of  2-D  symmetric  periodic  structures  for  a  wave  propagating  normally  to 
the  grating.  We  use  a  Fourier  exjjansion  method.  Closed-forms  of  the  zeroth-  and  second-order  effective  indices  are 
provided.  By  2-D  symmetric  structures,  we  mean  structures  presenting  a  center  of  symmetry.  It  does  not  imply  that 
the  periods  are  the  same,  and  for  gratings  composed  of  parallelepipeds  of  one  given  medium  immersed  in  an  other 
medium,  it  does  not  imply  that  the  two  fill  factors  are  equal.  To  our  knowledge,  this  work  is  the  first  to  present  a 
rigorous  approach  for  the  EMT  of  2-D  periodic  structures. 


2.  Effective  medium  theory 

Notations 

To  establish  our  notation,  let  us  first  consider  a  2-D  periodic  structure  along  the  x  and  y  axis  with  an  arbitrary 
relative  permittivity  profile  E(x,y).  Two  examples  are  shown  in  Fig.  1 .  The  structure  is  assumed  to  be  constant  in 
the  z  direction  perpendicular  to  the  plane  of  Fig.  1.  The  grating  period  along  the  y  direction  is  noted  A.  The  period 
in  the  x  direction  Ax  can  be  simply  written  Ax=Ayp,  where  p  is  a  dimensionless  coefficient.  The  grating  vector  K  is 
simply  defined  as  K  =  27t/A.  Using  to  denote  the  (m,n)lh  Fourier  coefficient  of  periodic  structures,  we  have 

e(x,y)=  E  €nu,expjK(pmx  +  ny).  (1) 

m,n 

Similarly  amn  will  be  used  to  denote  the  (m,n)th  Fourier  coefficients  of  the  inverse  relative  permittivity.  In  the 
following,  we  restrict  the  discussion  to  symmetric  periodic  structures  with 

Note  that  it  does  not  imply  the  equality  of  the  periods  along  the  x  and  y  directions,  but  simply  that  a  center  of 
symmetry  exists. 

Methodology 

We  consider  a  wave  with  wavelength  X.  in  a  vacuum  and  wave  vector  k  (k=27i/X.),  The  wave  is  propagating  in  the 
periodic  structure  along  the  z-direction  and  is  jxilanzed  in  either  the  x  or  y  direction.  In  the  following,  only  a 
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polarization  along  the  y  direction  will  be  investigated  for  the  sake  of  simplicity.  The  z-depcndcncc  of  the  ^^'avc  is 
assumed  to  be 

exp(jV^kz),  (3) 

where  the  constant  is  read  as  the  square  of  the  effective  index  of  the  periodic  structiu-es  for  the  z  direction  and  the 
given  polarization. 


We  look  for  a  wave  propagating  in  the  z  direction  and  periodic  in  the  x  and  v  direction  with  period  oA  and 
ctivelv.  Expending  the  x  and  y  components  of  the  wave  electric  field  in  a  Fourier  series,  we  have 


expjk  exp  jK(mpx  +  ny) 


(m,nX0,0) 


Ey  =  expjkVriz  expjK(mpx+  ny), 


where  Sxmn  and  s,^  are  constants,  and  only  Ey  has  a  DC  component.  On  spatial  averaging  along  the  x  and  y 
directions  of  the  periodic  structure,  E*  equals  zero  and  Ey  equals  Syoo,  since  only  E*  has  a  non-null  DC  component. 
Note  that  when  looking  for  a  wave  polarized  in  the  x  direction,  Eqs,  4  hold  except  that,  in  that  case,  only  Ex  has  a 
DC  component  (i.e.  Syoo=0  and  Sxoo  0 ). 


The  wave  electric  field  of  Eq.  4  is  used  in  satisfying  Maxwell’s  equations  inside  the  periodic  structure. 
Ob\iouslv  such  a  solution  is  not  correct.  But  for  small  period-to-wavelength  ratios,  an  approximate  solution  can  be 
derived®  by  expanding  q,  Sxm,  and  Sym„  in  a  power  series  of  a  =  X/A.  The  EMT  ex-pansion  for  q  can  be  written 

ri  =  Ti„ +T|,a‘' -i-ri2a'^+...,  (4) 


where  -qo  is  the  square  of  the  zeroth-order  effective  index  and  qi,  i=l,...,N  is  the  ith-order  coefficient  of  the  series 
expansion.  In  general  q  depends  on  the  permittivity  e,  the  period  A,  the  wavelength  X,  and  on  p  for  2-D  periodic 
structures.  (2) 

Solution 

By  solving  Maxwell’s  equations  inside  the  periodic  structure,  we  find^ 

^0  ^00  ^  j  ^  1  ^m.n^m.n^  p.  qll  >  (5a) 

Tn>0,n>0 


Ti,  =  y  Tg  a"’'*  c 

12  p,q  m,n  mn 

p,q5i0  m>0,n  >0 


P=.o  P  P 


(r,t)^0,0) 

u>0,v>0  > 


(5b) 

(5c) 


For  numerical  purpose,  the  Fourier  series  of  Eq.  4  have  to  be  truncated.  We  denote  by  M  the  truncation  rank  so 
that,  in  Eq.  4,  m  and  n  vary  between  -M  and  M.  The  computation  of  a^^^  and  Cnm  coefficients  requires  the 
inversion  of  a  M(M+l)xM(M+l)  matrix  not  defined  here. 


3.  Comparison  with  rigorous  computations 

3.1  Jackson  and  Corielf  derived  upper  and  lower  bound  expressions  for  the  zeroth-order  EMT  of  several  simple 
symmetric  periodic  structures  composed  of  two-phase  materials,  like  those  of  Fig.  1.  These  structures  are  composed 
of  two  homogeneous  media  indexed  by  1  and  2.  In  our  simulation,  media  I  and  2  have  optical  permittivities  equal 
to  1  and  16,  respectively.  The  periodic  structure  of  Fig.  la  is  composed  of  parallelepipeds  of  high  index  inserted  in 
a  medium  of  low  index.  Similarly,  the  periodic  structure  of  Fig.  lb  is  composed  of  cylinders  of  low  index  inserted 
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in  a  medium  of  high  index.  We  define  the  fill  factor  of  the  n\  o  structures  as  the  ratio  between  the  \^  idlh  (resp.  the 
diameter)  of  the  parallelepiped  (resp.  c>iindcr)  and  the  period  A.  The  solid  lines  of  Fig.  2  are  the  upper  and  lower 
bounds  derived  by  Jackson  and  Corielf  .  They  are  plotted  as  a  function  of  the  fill  factor.  Circle-,  cross-,  and  plus- 
marks  are  the  zeroth-order  (t|o)  effective  index  obtained  for  different  truncation  ranks.  Circle-marks  were  derived 
with  M  =  40,  cross  marks  with  M  =  20,  and  plus-marks  with  M  =  7.  Basically,  the  EMT  prediction  of  Eq.  5a  lies  in 
between  the  upper  and  lower  bounds.  For  the  parallelepiped  case  and  for  fill  factors  about  0.8  and  0.9,  it  is 
noticeable  that  the  truncated  expansion  is  slowly  converging.  For  a  fill  factor  equal  to  0.9,  even  with  M  =  40,  r[o 
remains  just  above  the  upper  bound. 

3.2  In  Fig.  3,  the  transmittance  for  normal  incidence  of  a  6-grid  stack  of  alternate  layers  is  shown  as  a  function  a 
the  wavelength.  Each  grid  is  composed  an  homogeneous  thin  film  of  relative  permittirity  13  and  a  2-D  grating 
with  a  cubic  filling  geometries  of  relative  permittivity  1  immersed  in  a  medium  of  relative  permittirity  13.  The 
grating  period,  fill  factor  and  depth  are  0.16,  0.56  and  0.09,  respectively.  The  homogeneous  layer  depth  is  0.07. 
The  solid  curv^e  is  obtained  with  rigorous  computation  and  the  dashed  curve  is  derived  with  the  second-order  EMT 
of  Eqs.  5.  Once  homogenized,  the  periodic  structure  is  equivalent  to  a  thin  film  stack.  Basically,  there  is  a  good 
agreement  between  rigorous  computation  and  the  EMT  prediction.  A  significant  mismatch  is  visible  for 
wavelength  smaller  than  0.6,  i.e.  for  period-to-wavelength  ratios  larger  than  0.27,  In  that  case,  the  2-D  EMT 
presented  in  this  paper  is  a  valuable  technique  to  explain  and  predict  the  existence  of  a  gap  for  wavelength  larger 
than  0,9  and  smaller  than  1.2. 

This  'wotk  was  supported  by  the  Direction  Generalc  de  F  Armement  under  contract  DRET-DGA  #  94-1123. 
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□  :  medium  1 


a) 


■  :  medium  2 


Fig.l  a)  periodic  structure  composed  of  parallelepipeds  of  high  index  inserted  in  a  medium  of  low  index 
b)  periodic  structure  composed  of  cylinders  of  low^  index  inserted  in  a  medium  of  high  index 
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Fig.2  Zeroth-order  effective  index.  The  solid  curves  are  the  upper  and  lower  bounds  derived  in  Ref.  7  for  the 
zeroth-order  effective  index  and  for  the  periodic  structures  of  Fig.  1.  Plus-marks,  cross-marks  and  circle- 
marks  are  respectively  the  effective  indices  of  Eq.  5a  for  truncation  ranks  M  equal  to  8,  20  and  40. 


Fig.3  Comparison  behveen  the  EMT  prediction  of  Eq.5  and  rigourous  computations. 
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1.  Introduction 

Z-scan  technique  is  very  useful  method  for  measuring  the  magnitude  and 
the  sign  of  the  nonlinear  refractive  index  due  to  its  simple  geometry  and 
high  sensitivity  compared  with  nonlinear  interferometry,  degenerate 
four-wave  mixing,  nearly  degenerate  three-wave  mixing,  ellipse  rotation, 
beam  distortion  measurement.!!,  2]  With  this  technique  the  measurements 
and  analysis  for  several  nonlinear  optical  materials  such  as  CS2,  ZnSe, 
GaAs,  CdTe  had  been  succesfully  acomplished  by  using  high  power  pulse 
laser.[l-3]  In  this  paper,  we  present  a  cw  pump-probe  z-scan  method  for 
determining  the  optical  nonlinearity  of  an  amorphous  AS2S3  thin  film.  In  an 
amorphous  chalcogenide  AS2S3,  thin  film  the  optical  nonlinearity  originates 
from  the  photostructural  changes  of  the  material  by  band  gap  illumination 
(bandgap  energy  of  Eg  ==:2.5eV  corresponding  to  Ar-ion  laser  wavelength  of 
514nm),  which  results  in  photodarkening  and  photoanisotropy.  These  effects 
have  been  extensively  investigated  as  holographic  recording  medium  for 
optical  information  processing,  polarization  hologram  and  binary  phase 
gratings  such  as  Dammann  grating.  [4-6] 

2.  CW  Pump-probe  Z-Sscan  Experiments 

Figure  1  shows  the  experimental  geometry  for  pump-probe  Z-scan  method. 
The  sample  to  be  measured  is  placed  and  scanned  along  the  z  direction  in 
the  focal  region  of  two  focused  laser  beams:  the  one  is  strong  pump  beam 
of  Ar-ion  laser  with  wavelength  of  514.5nm  and  the  other  weak  probe  beam 
of  He-Ne  laser  with  632.8  nm.  Amorphous  AS2S3  thin  film  is  prepared  on 
slide  glass  by  vacuum  evaporation  and  the  thickness  is  about  4(m.  The 
transmitted  intensity  through  an  aperture  is  detected  in  the  far  field  region 
by  photodiode  and  stored  in  IBM-PC.  The  sample  is  mounted  on  the  sample 
holder  and  scanned  by  using  a  linear  moter  along  the  z-direction.  We 
performed  three  kinds  of  experiments:  (i)  pump  inducing-probe  scanning 
method,  (ii)  (probe  inducing)  probe  scanning  method,  and  (iii)  (pump 
inducing)  pump  scanning  method.  These  experiments  are  conducted  by 
controlling  shutters  Si  and  S2,  as  shown  in  Fig.  1. 
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3.  Experimental  Results  and  Discussions 

Figure  2  illustrates  the  typical  experimental  results  of  the  z-scan 
measurements  obtained  by  using  (a)  pump  inducing-probe  scanning  method, 
and  (b)  (probe  inducing)  probe  scanning  method,  as  mentioned  above.  In 
obtaining  Fig.  2(a),  the  sample  is  illuminated  with  a  strong  pump  beam  of 
lOOmW/cm^  for  a  long  time  (about  10  min.)  in  order  for  making  the 
refractive  index  changes  unaltered  for  further  pump  beam  illumination 
before  Z-scan  experiment  by  probe  beam.  It  is  also  noted  in  Fig.  2(b)  that 
although  the  probe  beam  intensity  is  weak  compared  with  pump  beam 
intensity  and  the  wavelenth  of  the  probe  beam  corresponds  to  the 
transparent  regions  of  the  material,  the  intensity  near  the  focal  point  of  the 
lens  is  sufficient  to  induce  nonlinear  refractive  index  changes.  The  sign  of 
the  nonlinear  refractive  index  n2  can  be  determined  from  the  type  of  the  z 
scan  curve  and  the  magnitude  from  the  valley-peak  difference  in  normalized 
transmittance.  It  is  found  from  Fig.  2  that  amorphous  AS2S3  thin  film  is  a 
kind  of  self-focusing  material  having  a  positive  Kerr  coefficient.  We  also 
estimate  An^lO'*  for  Ar-ion  laser  intensity  of  lOOmW/cm^,  which  is 
reasonably  agree  with  that  of  obtained  by  holographic  method.  [4,  6]  The 
curves  of  two  kinds  of  measurement  look  like  similar  to  each  other  except 
for  their  relative  magnitude  of  valley  to  peak  value.  Figure  3  illustrates  the 
experimental  curves  for  (pump  inducing)  pump  scanning  method  with 
various  sizes  of  apertures  and  depicts  the  deep  well  curves.  It  can  be 
understood  from  the  strong  nonlinear  absorption  of  Ar-ion  laser  wavelength 
of  514. 5nm.  Since  the  absorption  coefficient  of  AS2S3  for  514. 5nm  wavelength 
(about  SxlO^cm'^)  is  much  larger  than  that  for  632.8  nm  (about  3xl0^cm'^), 
the  absorption  significantly  influences  the  z  scan  curve  rather  than  the 
nonlinear  refraction,  and  so  the  absorption  curve  is  predominate  over  the 
nonlinear  refraction  curve. 
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B.S.  Hs2S3-thin  film 


Rr-ion  Laser 


Fig.  1.  Experimental  geometry  for  pump-probe  z-scan  technique. 
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Fig.  2.  Experimental  z-scan  curves  for  normalized  transmittance:  (a)  pump 
inducing  and  probe  scanning  data  and  (b)  probe  beam  alone(the  next  page) 
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Z  (mm) 


(b)  probe  beam  alone 


Fig.  3.  Experimental  z-scan  curves  obtained  from  pump  beam  alone.:  (a) 
Normalized  transmittance  against  sample  position  for  various  aperture 
transmittance  S,  (b)  Aperture  transmittance(S=0.4)  divided  by  open  aperture 
transmittance(S = 1 ). 
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Introduction 

Dichromated  gelatin  (DCG)  is  one  of  the  best  recording  materials  for  phase  volume 
holograms.  Since  DCG  has  large  refractive-index  modulation,  high  resolution,  high 
diffraction  efficiency  (DE),  and  good  signal-to-noise  ratio,  it  is  suitable  for  preparing 
holographic  optical  elements.  Several  papers  on  the  hologram  formation  mechanism  in  DCG 
have  been  reported  in  the  literature.'^  ®’  The  simplest  way  to  obtain  a  good  hologram  is  by 
use  of  photographic  plates,  dissolving  the  silver  halide  in  a  fixing  bath,  and  sensitizing  it 
with  a  solution  of  ammonium  dichromate.  Upto  now,  most  of  the  works  has  been  done 
using  the  gelatin  layer  of  Kodak  649F  plates.  Oliva  et  al.}  presented  the  holographic 
characteristics  of  the  DCG  plates  obtained  from  Agfa  8E75HD  plates.  The  processing 
procedures  for  preparing  high-quality  DCG  holographic  optical  elements  (HOEs)  developed 
by  Oliva,  however,  are  tedious,  since  it  takes  at  least  12  hours  to  process  one  HOEs.  In 
this  work,  we  present  very  simple  method  for  making  highly  efficient  DCG  hologram 
starting  with  Agfa  8E75HD  plates.  Beginning  with  Agfa  8E75HD  plates,  the  complete 
processing  time  including  preprocessing,  sensitization,  and  development  is  just  2  hours.  In 
addition,  DCG  hologram  has  a  high  DE  of  81.5%. 

Basic  Principle 

Assuming  the  refractive-index  modulation  of  gelatin  film  is  due  to  a  hardness 
differential,"’  ’'’  the  DE  of  the  DCG  hologram  would  be  dependent  on  the  initial  degree  of 
hardening  of  the  gelatin  layer.  If  the  initial  hardening  is  too  high,  the  refractive-index 
modulation  capability  will  be  reduced.  Whereas  if  it  is  too  low,  the  gelatin  will  be  partially 
dissolved  in  the  development  bath  and  noisy  holograms  of  low  DE  will  be  formed.  The 
degree  of  hardness  of  the  gelatin  layer  can  be  measured  by  swelling  factor  and  is 
expressed  as  a  percentage  increase  in  weight,  fep=(W-WoyWo(%),  where  Wo  is  the  weight  of 
the  dry  film  and  W  is  that  of  the  swelled  film.  During  development,  the  initial  refractive 
index  modulation  in  water,  An^,,  depends  on  the  hardness  differential  Ah  between  the 
exposed  and  unexposed  regions  and  the  two  swelling  factors  Afep  and  Afew,  i-s.. 
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where  Mv  is  the  swelling  factor  during  the  water  development.  The  initial  refractive  index 
modulation  An^,  is  further  amplified  by  the  final  alcohol  development.  The  final  refractive 
index  modulation  An  can  be  expressed  by 

An  =  k{Anuj  (2) 

where  h  is  a  constant  gain  factor  or  swelling  factor.  According  to  the  Kogelnik’s  coupled 
wave  theory,  the  diffraction  efficiency  for  transmission  phase  volume  holograms  is  given  by 

where  A  is  the  reconstruction  wavelength  in  air,  6^  is  the  Bragg  angle,  and  d  is  the 
hologram  thickness. 

Experimental  Results  and  Discussion 

To  study  the  effects  of  various  parameters  and  holographic  exposure  characteristics  on 
the  high  drying  method  of  the  sensitized  DCG  plate,  transmission  holographic  gratings 
with  spatial  frequency  of  about  1500  lines/iuiii  have  been  recorded  by  using  Ar-ion  laser 
with  a  wavelength  of  457nni.  The  irradiance  of  each  beam  was  taken  to  be  equal,  and  the 
angle  between  the  two  beams  was  40".  The  Agfa  8E75HD  plates  whose  gelatin  thickness  is 
about  7gtn.  The  physical  characteristics  investigated  include  DE,  absorption  spectrum  of  the 
sensitized  DCG,  Bragg  angle  deviation,  and  degree  of  hardness.  All  the  chemicals  are 
dissolved  in  tap  water  (pH  7.63)  and  the  processes  are  conducted  at  room  temperature. 
The  detailed  preparation  and  development  method  for  DCG  plate  developed  in  this  work  is 
shown  in  Table  I . 

The  DE  was  measured  simultaneously  during  the  hologram  recording  by  placing  a 
detector  in  one  of  the  diffracted  beams  of  the  He-Ne  laser  at  633n[n  wavelength.(Fig.  1) 
He-Ne  laser  beam  is  not  absorbed  by  the  Cr  ions  in  DCG  and  does  not  affect  the 
hologram  formations.  Figure  2  illustrates  the  typical  experimental  result  for  DE  against 
exposure  time.  The  absorbance  of  the  unexposed  DCG  at  457nm  light  is  the  order  of  0.28. 
From  the  experimental  curve,  we  estimated  the  maximum  refractive  index  modvdation  was 
about  An=0.022,  and  the  corresponding  phase  shift  is  A  <^max=1.126.  We  also  measured  the 
reconstruction  angle  response  as  shown  in  Fig.  3.  It  is  noted  that  after  the  development 
processing  the  maximum  reconstruction  angle  corresponding  to  maxmium  DE  is  shifted 
about  1.4  degree  from  Bragg  angle  at  the  initial  recording.  Figure  3(a)  shows  the 
reconstruction  angle  of  the  maxmium  DE  as  a  function  of  exposure  and  Fig.  3(b)  shows 
angular  response  of  the  grating  (1500  lineq/mni)  in  the  gelatin  layer. 

Figure  4  represent  the  DE  curves  according  to  various  processing  conditions.  The  final 
hologram  thickness  mainly  depends  upon  two  step  preprocessing  parameters. 

The  curve  C  represents  the  DE  of  the  gratings  formed  by  Georgekutty  and  Liu’s 
method.'®^  The  maximum  DE  is  obtained  about  28%.  There  are  swelling  proportion  of  3.8 
times  as  compared  with  curve  D  method.  The  curve  D  presents  the  DE  of  the  gratings 
formed  by  Table- 1 ,  which  is  obtained  from  the  process  without  hot  water  (step  5)  and 
using  hardener  fixer  instead  of  non-hardener  fixer  (step  1).  The  maximum  DE  were 
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obtained  about  8.6%.  This  result  indicates  that  the  gelatin  of  Agfa  8E75HD  plates  is 
extremely  hard.  The  curve  B  presents  the  DE  by  method  of  Table  1  without  hot  water 
(step  5)  and  using  non-hardener  fixer  (step  1).  The  maximum  DE  is  about  38%.  The 
relative  swelling  value  increases  to  the  proportion  of  5.4  times  as  compared  with  curve  D 
method.  The  curve  A  presents  the  DE  by  method  of  Table- 1 .  The  maximum  DE  is  about 
80%.  The  relative  swelling  value  increases  to  the  proportion  of  9.2  times  as  compared  with 
curve  D  method.  The  crucial  step  in  producing  the  efficient  strong  phase  hologram 
recording  is  immersion  in  non-hardener  fixer  and  hot  water  (80  C).  We  think  that  the 
process  increases  the  optical  path  length  differences  of  the  plate  such  a  large  value  that 
efficient  phase  holograms  can  be  produced.  The  gelatin  hardness  is  an  important  parameter 
because  it  almost  influences  the  optical  property  of  DCG  holograms.  The  result  implies 
that  DE  depends  on  non-hardener  fixer  and  hot  water  (step  5)  in  processing  method. 
Finally,  OUT  simplified  method  also  includes  the  baking  the  sensitized  DCG  plate  in  the 
oven  (85±5t:)  for  10  min.  This  is  not  necessary  to  have  overnight  drying  of  the  gelatin 
plate  in  stringent  temperature  and  relative  humidity  conditions  proposed  by  Olivas  method. 
In  conclusion,  a  simple  method  preparing  high  efficient  DCG  plates  firom  Agfa  8E75HD 
plates,  is  presented,  and  it  is  easy  to  obtain  DCG  HOEs  of  high  diffraction  efficiency  over 
80%.  Furthermore,  one  can  see  that  the  whole  process  only  requires  2  hours,  and  the 
present  process  is  relatively  less  sensitive  to  relative  humidity  when  compared  to  Oliva’s 
process. 

Table  I  .  Simplified  Fabrication  Procedures  of  DCG  film  with  Agfa  8E75HD  Plates 


(1)  Soak  in  non-hardener  fixer  for  15  min. 

(2)  Wash  in  running  water  for  15  min. 

(.1)  Soak  in  methyl  alcohol  for  10  min. 

(4)  Soak  in  clean  methyl  alcohol  for  10  min. 

(5)  Soak  in  hot  water  (80 °C)  for  10  min. 

(6)  Soak  in  5%  ammonium  dichromate  solution 
(with  1%  of  Kodak  photo-flo  200)  for  15  min. 

(7)  Bake  for  10  min  at  90  +  511!. 

(8)  Exposure  (Ar+  laser,  /^=457nm) 

(9)  Soak  in  0.5%  ammonium  dichromate  solution  for  5  min. 

(10)  Wash  in  running  water  for  10  min. 

(11)  Dehydrate  in  50%  isopropyl  alcohol  for  5  min. 

(12)  Dehydrate  in  100%  isopropyl  alcohol  for  5  min. 

(13)  Dry  over  10  min  with  flowing  hot  air  at  85±5°C. 
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Fig.  1.  Experimental  arrangement  for  measuring  the  phase 
change  due  to  exposure  alone. 
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Fig.  3.  (a)  Reconstruction  angle  for  obtaining 
maximum  diffraction  efficiency,  and 
(b)  Angular  response  of  the  diffraction 
efficienQ^  against  Bragg  angle  deviatiorL 
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Fig.  4.  Effect  of  the  initial  degree  of 
hardening  on  the  diffraction 
efficiency  (measured  at  457nm). 
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Introduction 


Submicrometer  photolithography  necessitates  high  resolution  imaging  system. 
Optical  holography  is  one  of  the  promising  candidates  for  realizing  such  high 
resolution  imaging  systems.  Several  optical  system  utilizing  holograms  have  been 
demonstrated  until  now  including  far-field  holograms,  image  holograms,  and 
focused  image  holograms.  In  order  to  achieve  the  required  high  resolution,  there  is 
to  decreasing  the  wavelength  or  ,to  increasing  the  numerical  aperture.  Two 
fundamental  parameters  limiting  an  optical  system  are  the  numerical  aperture, 
NA,  and  the  size  of  the  image  field  of  the  imaging  optics.^  For  a  given 
wavelength,  the  resolution  is  improved  by  increasing  the  numerical  aperture.  As  a 
result,  the  increasing  NA  lead  to  decreasing  the  focal  tolerance.  In  this  paper  we 
present  the  high  resolution  holographic  imaging  system  using  a  focused  imaging 
hologram  with  phase  conjugate  wave  and  demonstrated  a  long  focal  tolerance  of  an 
image. 

Holographic  Principles 

Figure  1  illustrates  the  focused  holographic  construction  and  reconstruction 
processing.  The  minimum  construction  beam  angle,  6  required  to  insure  that 

the  re-constructed  image  can  be  observed  without  any  interference  from  its  twin 

2 

image  as  well  as  from  the  surrounding  halo  of  scattered  light  is  given  by 

^  min  “  sin  hologram) 

The  use  of  a  lens  to  focus  the  image  onto  the  holographic  recording  material 
permits  a  larger  numerical  aperture.  The  numerical  aperture  as  seen  by  the  high 
resolution  recording  material  is  defined  as 

NA  hologram  jur  ^ 

where  N A  hologram  numerical  aperture  at  the  hologram  plane,  NA  abject 

numerical  aperture  at  the  object  plane,  and  Mmag  is  the  magnification  of  the 
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object  at  the  hologram  plane.  The  spatial  frequency  is  frequently  used  to  refer  to 
either  the  angular  direction  of  propagation  of  a  plane-wave  component  of  a 
complex  wavefront  or  to  the  spatial  rate  of  change  of  the  holographically  recorded 
interference  pattern.  When  it  used  to  define  the  direction  of  propagation  of  a  plane 
wave  component,  the  spatial  frequency  refers  to  the  spatial  rate  of  change  of  the 
phase  of  the  wavefront  across  a  suitably  chosen  the  axis  of  an  optical  system.  The 
spatial  frequency  is  related  to  the  angle  of  the  wavefront  (0)  hy® 


When  this  wavefront  is  allowed  to  interfere  with  a  reference  wavefront,  whose 
angle  of  arrival  is  (i,  the  resulting  interference  pattern  has  a  spatial  frequency 
give  by 


^  r  = 


sin  6  —  sin  0 
/I 


(4) 


When  the  reference  wave  propagates  along  the  normal  to  the  observation  plane 

r  (5) 

The  intensity  distribution  near  focus  is  of  particular  importance  in  estimating 
the  tolerance  in  the  setting  of  the  receiving  plane  in  an  image-forming  system. 
The  properties  of  the  out-of-focus  monochromatic  images  of  a  point  source  by  a 
circular  aperture  were  first  discussed  in  Ref.  [4].  It  follows  that  focal  tolerance  A  2 
is  approximately  given  by^ 

^z=±3.2^({y‘  (6) 


where  /  is  the  distance  of  the  focal  plane  from  the  hologram  mask  of  aperture,  a 
is  the  radius  of  the  hologram  mask  of  aperture.  Since  the  numerical  aperture  of 
the  hologram  is  given  hy  NAhoioeram=  a!  fq ,  for  the  case  of  /»«,  ^  1  (equivalently 

f^fq).  Hence,  the  ratio  a//  can  be  defined  as  the  numerical  aperture  of 
hologram.  We  have  the  expression  for  the  focal  torelence  of  the  hologram  of  the 
form: 


A2 


^  NA 


\ _ 

hologram 


a.  AM. 

/I 


(7) 


Experimental  Results  and  Discussion 

The  holographic  imaging  system  for  both  constructing  a  hologram  of  the  mask 
and  reconstructing  the  image  of  the  mask  is  shown  in  Fig.  1.  The  theoretical 
resolution  of  the  fully  coherent  imaging  system  is  /l/2NA=0.57;rini  ( /I  =457nm, 
NA=0.4).  Figure  2  shows  the  theoretical  maximum  resolution  of  the  imaging 
system.  The  numerical  aperture  NAhoiogram  of  the  hologram  is  plotted  as  a  function 
of  line  width.  TEMoo  mode  of  Ar-ion  laser  at  457nm  wavelength  is  used  as  a 


188  /  JTuB22-3 


light  source.  A  light  beam  is  splitted  into  two  beams  by  using  a  variable  beam 
splitter.  Both  illuminating  beams  are  first  focused  to  a  diffraction  limited  spot  with 
a  microscope  objective,  and  then  collimated  with  a  lens  corrected  for  infinite  image 
to  object  ratio.  To  form  a  focused  hologram,  the  beam  is  focused  by  a  condenser 
lens  to  trans-illuminate  the  mask  by  imaging  the  source  into  the  entrance  pupil  of 
the  imaging  lens.  The  hologram  mask  is  formed  at  this  plane  using  the 
dichromated  gelatin  (DCG)  as  the  high  resolution  recording  material.  The 
preparation  and  the  development  of  DCG  derived  from  Agfa  8E/5HD  plates.  The 
DCG  is  exposed  simultaneously  to  both  the  focused  image  and  the  second 
collimated  beam,  as  shown  in  Fig.  1(a).  The  focused  image  holograms  were 
constructed  using  the  IC  pattern  mask  or  the  USAF-1951  resolution  target  mask. 
In  order  to  test  the  focal  tolerance  of  an  image  formed  by  the  holographic  phase 
conjugation,  the  recorded  images  are  reconstructed  at  the  focal  point  and  then  the 
hologram  mask  is  scanned  along  the  optic  axis  by  using  the  linear  motor  (Encoder 
Mike:  O.OSgn/sec)  along  optical  axis.  Theoretical  focal  tolerance  of  and  2.2/zin 
line  width  of  the  hologram  mask  were  ±40.12gm  and  ±192.94/ini,  respectively.  The 
corresponding  focal  tolerance  observed  are  about  ±37jum  and  ±  180//ni,  respectively. 
Figure  3(a)  shows  a  photo-micrograph  of  the  reconstructed  image  (Igm  line  width  of 
the  IC  pattern  mask)  in  the  forward  moved  position  of  37//m,  and  Fig.  3(b)  is  a 
photo -micrograph  of  the  reconstructed  image  line  width  of  the  USAF-1951 

resolution  target  mask)  in  the  forward  moved  position  of  180;ffli. 
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condenser  Imaging  DCG 

lens  lens  film 


Figure  1.  Schematic  of  the  construction  and  reconstruction  process  for  focused 
image  holography. 


Figure  2.  Theoretical  focal  tolerance  A^  of  the  imaging  system 
versus  the  line  width  of  the  hologram  mask. 


(a)  Imaging  of  Igm  line  width 
position  of  37//m  in  the  forward 


(b)  Imaging  of  2.2gm  line  width 

position  of  ISOgm  in  the  backward. 


Figure  3.  Photo-micrograph  of  the  reconstructed  aerial  image  of  the  hologram  mask. 
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We  describe  a  wavelength-agile  holographic  notch  filter  (WAHNF)  suitable  for 
attenuating  scattered  laser  light  from  the  fluorescence  signal  in  laser  induced 
fluorescence  (LIF)  applications.  The  WAHNF  utilizes  a  photorefractive  material, 
specifically  BaTiOa,  and  the  technique  of  two  beam  coupling  to  attenuate  the 
coherent  portion  of  the  signal  to  be  detected\  Static  holograms  recorded  in  film 
emulsions  are  routinely  used  for  this  purpose  but  have  the  limitation  that  they 
are  fixed  notch-band  devices.  In  contrast,  the  WAHNF  enables  tuning  or 
switching  the  excitation  wavelength  while  passively  adapting  to  maintain  the 
notch  band  centered  on  the  laser  wavelength. 

Two-beam  coupling,  with  its  ability  to  transfer  energy  from  one  beam  to  another, 
is  the  method  chosen  to  accomplish  the  filtering^.  A  5mm  x  5mm  x  5mm  BaTiOs 
crystal  with  a  90  degree  C  axis  geometry  is  used  and  oriented  so  that  the  energy 
from  the  object  beam  is  transferred  to  the  transmitted  reference  beam.  In  LIF 
applications,  the  signal  is  comprised  of  the  very  narrow  band  portion  from  the 
excitation  laser  light  and  the  broad  band  fluorescence  emission  which  is  Stokes- 
shifted  away  from  the  excitation  light . 
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The  experimental  configuration  shown  in  Figure  1  was  initially  used  without  the 
LED  to  demonstrate  the  WAHNF’s  wavelength-agility.  First,  two-beam  coupling 
was  achieved  at  514nm  and  the  extinction  coefficient  measured;  then  the 
wavelength  from  the  argon  ion  laser  was  changed  to  488nm  and  the  extinction 
coefficient  was  measured  again.  The  photorefractive  holographic  filter  was 
shown  to  maintain  good  energy  transfer  at  both  wavelengths  without  any 
adjustments  to  the  experimental  configuration. 


Figure  1 


For  the  next  step,  a  broad  band  650  nm  LED  light  source  was  made  colinear 
with  the  object  beam  by  inserting  a  dielectric  beamsplitter  in  the  position  of  BS  2. 
The  650nm  wavelength  was  chosen  because  it  was  the  highest  power  visible 
LED  available.  This  setup  demonstrates  the  WAHNF’s  capability  to  attenuate  the 
coherent  laser  light  while  passing  the  broad  band  LED  incoherent  light  which 
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simulates  the  tiuorescence  emission  that  would  be  obtained  in  a  LIF  application. 
The  final  step  was  to  replace  the  LED  setup  with  an  epi-illumination  fluorescence 
microscopy  arrangement  as  shown  in  the  box  in  figure  1 .  The  object  beam  is 
reflected  off  BS  2  into  a  microscope  objective  and  onto  a  small  cuvette  which 
holds  the  fluorophore.  At  the  detector,  the  laser  excitation  light  is  attenuated  by 
approximately  two  orders  of  magnitude  while  the  Stokes-shifted  fluorescence  is 
unaffected.  Rhodamine  was  used  as  a  fluorophore  since  it  exhibits  significant 
excitation  at  both  488nm  and  514nm.  allowing  us  to  demonstrate  wavelength- 
agility  with  this  configuration. 

Our  results  demonstrates  the  ability  to  use  a  wavelength-agile  photorefractive 
holographic  filter  in  a  biological  application  to  achieve  greater  spectral  flexibility. 
This  is  important  in  many  LIF  applications  where  multiparameter  or  ratiometric 
measurements  at  more  than  one  excitation  wavelength  are  required. 
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The  technique  of  holographic  interferometry  has  aided  m  Motorola’s  Quartz  Products  Division’s 
continuous  pursuit  of  hi^er  quality  quartz  crystal  components.  QPD’s  portfolio  consists  of  several  models 
of  quartz  crystals,  which  are  sold  as  resonators,  oscillators,  and  filters.  Tlie  crystal  frequency  for  the 
various  products  ranges  from  12  MHz  to  100  MHz. 

Products  discussed  in  this  paper  include  AT-cut  quartz  resonators  and  quartz  filters.  Both  leaded  and 
surface  mount  packages  were  studied.  Surface  mount  parts  are  attached  directly  to  the  radio  board  whereas 
the  lead  formed  pieces  are  hand  soldered  on. 

An  oscillator  is  any  device  that  resonates  at  a  selected  frequency  or  range  of  frequencies.  In  simple  terms, 
a  tuning  fork  is  an  oscillator.  In  the  electronics  industry,  however,  an  oscillator  is  a  device  that  uses  the 
principles  of  the  piezoelectric  effect  to  produce  a  predetermined  output  frequency.  The  basic  construction 
consists  of  a  resonator,  in  this  case  a  quartz  crystal,  a  power  source,  and  required  circuitry.  The  quartz 
crystal  resonator  is  equivalent  to  an  inductor  connected  in  series  with  a  capacitor  and  a  resistor. 

A  crystal  filter  is  a  device  which  allows  the  receiver  circuitry  to  efficiently  select  and  process  the  chosen 
frequency.  This  is  necessary  since  the  overflow  of  wireless  communications  has  limited  the  number  of 
radio  channels.  As  the  radio  channel  spacmg  becomes  tighter,  the  need  for  higher  performing  filters 
increases. 

The  production  of  an  AT  quartz  crystal  component  begins  with  the  cutting  of  2”  x  2”  wafers  from  a  bar  of 
manmade  or  cultured  quartz.  The  angle  at  which  the  quartz  bar  is  cut  determines  the  end  product’s 
frequency  stability  over  ten^erature,  and  the  thickness  of  the  cut  wafer  determines  the  frequency.  After 
the  cutting  process,  a  series  of  metals  are  then  deposited  on  the  wafers,  followed  by  a  photolithographic 
process  which  produces  140  crystals  per  wafer.  The  finished  crystals  are  then  mounted  in  appropriate 
housings. 

When  an  AT  cut  crystal  approaches  the  infinite  plate  approxunation  and  is  in  a  stress  free  environment,  the 
generalized  frequency-temperature  relationship  follow  what  is  known  as  Bechmann  curves.  Within  this 
scenario,  the  inflection  temperature  is  26  C.  Depending  on  how  stress  affects  the  crystal  lattice,  the 
inflection  temperature  can  range  from  as  low  as  22  C  to  well  above  30  C.  By  lowering  the  inflection 
temperature,  the  frequency  stability  of  the  crystal  becomes  more  controlled.  As  the  industry  moves  to 
smaller  and  smaller  telecommunication  devices,  these  types  of  components  become  highly  desirable  as  they 
can  replace  their  larger  counterpart,  the  oscillator. 

One  theory  as  to  how  the  inflection  temperature  can  be  lower  than  that  at  the  stress  free  condition  is 
through  the  presence  of  a  beneficial  stress,  either  tensile  or  compression.  The  beneficial  stress  hypothesis 
can  be  accepted  or  nullified  by  using  holographic  interferometry  to  relate  stress  patterns  to  yields. 
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Understanding  the  mechanics  of  the  leaded  and  surface  package  will  aid  in  optimizing  both  product  lines. 
Through  the  use  of  holographic  interferometry,  studies  were  conducted  which  determined  the  stress  patterns 
of  the  quartz  crystal  over  several  environmental  perturbations,  including  temperature,  vibration,  and  drive 
level.  The  temperature  studies  will  be  discussed  here. 

The  first  objects  used  in  the  first  holographic  interferometry  experiments  consisted  of  crystal  resonators. 
These  crystals  were  300  mil  in  diameter,  set  at  19.1  MHz,  had  an  unpolished  surfiice,  and  were  mounted  in 
leaded  packages.  These  units  were  built  on  two  different  designs,  either  a  clamp  or  slot  post,  and  using  two 
types  of  adhesives,  referred  to  as  A  and  B.  At  25  C  the  slotted  mount  exerted  a  tensile  stress  on  the  blank, 
while  the  clamp  design  held  the  quartz  under  compression.  Those  products,  which  recorded  inflection 
temperatures  between  22  and  24  C,  used  a  slotted  mount  design. 

The  experimental  parts  were  manufactured  identical  to  those  run  through  production,  except  they  were  not 
sealed  or  plated.  The  sealing  process  prevents  the  blank  from  being  seen  and  the  gold  plating  interferes 
with  hologram  developing  by  reflecting  the  laser  beam  rather  than  diffusing  the  ligjit. 

These  pieces  were  tested  for  both  in-plane  and  out-of-plane  displacements  over  the  temperature  ranges  25  C 
to  70  C,  35  C  to  70  C,  and  45  C  to  70  C.  All  the  various  build  cells  of  this  experiment  were  studied 
simultaneously,  in  order  to  eliminate  time  and  temperature  as  factors  between  successive  runs. 
Unfortunately,  the  equipment  used  in  the  crystal  design  experiment  was  not  capable  of  performing 
sandwich  holography.  Instead,  real  time  holography  was  used  with  reference  holograms  taken  at  25  C,  35 
C,  and  45  C. 

The  holography  setup  used  was  a  workstation,  manufactured  by  the  Newport  Corporation.  The  light 
source  was  a  HeNe  laser,  with  a  wavelength  of  632.8  nm.  The  system  consisted  of  a  free  standing  enclosed 
imit  and  a  control  console,  which  creates  a  hologram  within  one  to  two  minutes. 

These  crystal  resonators  were  cycled  throu^  temperature  vial  a  hot  plate,  which  was  controlled  by  a 
Thermo/cense  temperature  controller.  The  temperature  controller  used  an  RTD  capable  of  accurately 
reading  temperature  to  +/-  0.2  C.  The  temperature  controller  resided  outside  the  optics  table  for  easy 
access  and  viewing  during  the  holographic  studies. 

The  holocamera  consisted  of  the  camera  module  and  the  electronics  module.  The  former  holds  the 
thermoplastic  plate,  on  which  the  hologram  is  recorded,  and  the  components  needed  for  the  recording 
process.  The  later  module  contains  the  operating  panel,  control  logic  and  power  supplies.  The  electronics 
have  the  capability  of  activating  a  variety  of  holocamera  functions. 

Throughout  the  holographic  experiments  they  are  viewed  via  both  a  video  monitor  and  computer  monitor. 
The  resulting  fringe  patterns  are  stored  on  video  taper  for  future  viewing  and  image  analysis.  The 
software  used  for  image  analysis  is  manufactured  by  Airtomatix,  Inc.  of  Billerica,  MA.  In  conjunction 
with  McRail  software,  strain  is  calculated  in  the  x-y  direction.  This  software  is  limited  by  only  being  able 
to  measure  strain  in  two  dimensions,  however  due  to  the  geometric  nature  of  the  quartz  blank  this  is 
sufficient. 

The  interference  patterns  obtained  from  these  experiments  were  examined  for  fnnge  number,  movement, 
and  location.  Experiments  were  then  replicated  for  repeatability.  These  additional  experiments  eliminated 
part  location  and  orientation  as  a  factory. 
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The  frmge  patterns  for  the  out-of-plane  displacement  studies  showed  the  greatest  movement  occurred  with 
the  clamp  mount  and  adhesive  B.  For  example,  when  examining  those  runs  where  the  reference  hologram 
was  taken  at  25  C,  the  fringe  rotation  of  this  design  was  360  degrees.  The  designs  of  the  adhesive  A  and 
the  clamp  mount  and  adhesive  B  and  the  slot  mount  showed  comparable  fringe  movement,  both  near  180 
degrees.  Adhesive  A  and  the  slot  mount  showed  the  least  movement  with  under  a  90  degree  fringe  rotation. 
Initial  in-plane  displacement  measurements  did  not  detect  localized  strains. 

In  addition  to  those  crystal  packages  built  for  holography,  similar  production  pieces  were  plated  and  sealed. 
These  units  were  then  placed  in  an  environmental  chamber  and  run  through  a  temperature  cycle  (-30  C  to 
70  C),  which  measured  frequency  and  resistance  at  eight  ten^jerature  points.  Corresponding  inflection 
temperature  values  were  derived  from  this  data. 

In  general,  the  higher  the  inflection  temperature,  the  greater  the  displacement  over  temperature.  It  is 
interesting  to  note  that  regardless  of  the  mount  design,  and  inflection  temperature  near  27.75  C  is  recorded 
when  the  adhesive  B  is  in  contact  with  the  quartz.  In  fact,  this  is  true  across  product  lines.  This  indicates 
that  adhesive  B  decouples  any  stress  associated  with  the  mounting  package,  and  only  introduces  a  localized 
stress  between  itself  and  the  quartz  blank. 

Note  that  at  25  C  the  slot  mount  holds  the  quartz  blank  in  a  tensile  state,  while  the  clamp  mount  holds  the 
piece  in  compression.  When  adhesive  A  is  used,  the  quartz  blank  can  be  thought  of  as  coupling  directly  to 
the  mount.  The  clamp  mount  has  a  wider  range  since  holographic  results  indicated  that  it  undergoes  up  to 
twice  as  much  movement  as  the  slot  design.  In  fact,  it  may  surpass  the  tensile  value  of  the  slot  mount  on 
the  cold  temperature  end. 

Therefore,  this  experiment  used  holographic  interferometry  to  aid  in  optimizing  the  crystal  package  by 
relating  stresses  exerted  on  the  blanks  due  to  mount  design.  The  observed  fringe  patterns  showed  object 
displacement  as  a  function  of  time  and  temperature.  Results  were  that  the  rigid  clamp  mount  undergoes 
greater  change  of  displacement  than  the  more  forgiving  slot  mount.  A  direct  relationship  was  made 
between  quartz  displacement  and  the  inflection  temperature.  The  quartz  blanks,  which  were  mounted  with 
adhesive  B,  showed  more  movement  that  those  on  the  same  design  mounted  with  adhesive  A.  Results 
indicated  that  adhesive  A  coupled  the  blank  to  the  mount,  similar  to  a  C-clamp,  while  adhesive  B  acted  like 
a  spring  between  the  two  interfaces.  Therefore,  based  on  this  experiment,  QPD  was  able  to  optimize  the 
frequency  stability  of  their  round  blank  crystal  resonator  products  by  going  to  a  slot  mount  design  and 
using  adhesive  A. 

Similar  experiments  are  also  being  conducted  on  crystal  filters.  As  with  the  crystal  resonators,  these  parts 
are  being  cycled  through  temperature,  however  in  this  case  the  initial  cure  phase  is  also  being  studied.  It 
appears  that  the  curing  process,  in  conjunction  with  the  makeup  and  placement  of  the  adhesive,  is  producing 
a  localized  stress  upon  the  quartz  blank.  The  introduction  of  this  stress  is  resulting  in  broken  blanks  as  a 
function  of  normal  usage.  Various  types  and  placements  of  adhesives  are  being  studied  via  holographic 
interferometry  in  order  to  correct  this  issue. 
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1.  Introduction.  An  existing  analytical  concept  based  on  spectral  decomposition 
has  been  developed  more  than  hundred  years  ago,  and  is  presently  close  to  its  limits  in 
terms  of  performance  and  reliability,  in  particular,  for  complex  samples.  For  molecules,  a 
spectrum  is  a  very  complex  pattern  of  sharp  lines  and  continuous  bands.  So,  in  a  classical 
spectrometer,  detection  is  pruned  to  overlapping  errors  when  two  or  more  components  of 
a  sample  have  overlapping  lines,  and  their  separation  is,  generally,  a  non-unique  problem. 
Indeed,  a  line  can  be  assigned  to,  at  least,  two  different  transitions  (in  the  same  or  different 
atom/molecules  in  a  sample).  Such  an  assignment  based  on  line  positions  and  transitions 
has  limitations,  and  may  not  work  at  all  for  complex  samples.  As  samples  are  getting  more 
and  more  complex,  the  problem  becomes  increasingly  intractable.  In  particular,  algorithms 
and  data  processing  to  analyze  complex  spectra  become  very  complex,  require 
sophisticated  peak  analysis,  etc.  A  mathematical  "inversion"  procedure  for  assignment  and 
identification  of  components  (species)  also  becomes  unstable.  That  is,  the  current  situation 
has  all  signs  of  a  critical  botlleneck,  and  requires  an  innovative  approach.  Meanwhile, 
selectivity  is  the  first  priority  for  many  industries  and  applications.  For  instance,  in  the 
field  of  air  toxics  detection,  the  US  EPA  requires  189  components  to  be  detected  and 
regulated,  and  it  is  highly  doubtful  that  any  existing  spectrometer  is  able  to  analyze  reliably 
such  a  complex  gaseous  medium. 

2.  An  approach  [4],  The  proposed  approach  revises  the  existing  analytical  paradigm 
and  is  aimed  to  create  a  foundation  for  a  new  class  of  high  performance  knowledge-based 
sensors.  We  replace  a  “dumb”  prism  or  diffraction  grating  (DG)  by  a  recordable  optical 
holographic  storage  which  makes  the  sensor  a  programmable  knowledge-based  device  that 
is  able  to  store  light  patterns  for  various  species.  Light  from  a  sample  interacts  with  the 
reference  light  patterns  recorded  holographically  in  the  sensor  memory  and  reconstructs 
an  output  species  mapping,  for  example,  a  position-sensitive  mapping  of  the  species  in  the 
sample.  It  may  be  detected,  say,  by  a  CCD  array  and  then  used  for  any  process  control 
application.  In  other  words,  the  holographic  sensor  is  a  knowledge-based  one,  and  can  be 
species-  or  application-specific.  It  makes  analysis  easier  as  the  primary  measurement 
immediately  generates  the  final  result,  a  sample  composition,  without  any  need  for 
sophisticated  data  analysis  and  processing  such  as  peak  identification 

Holographic  recording  of  a  spectrum  was  first  demonstrated  by  Stroke  and 
Funkhouser  [1].  They  used  a  holographic  method  of  Fourier-transform  (FT)  spectroscopy 
which  permits  one  “to  obtain  the  spectrum  without  any  computation,  and  indeed  in  an 
interferometric  system  having  completely  stationary  elements  and  medium”.  The 
interference  fringe  system  was  proportional  to  a  non-coherent  superposition  of  the 
monochromatic  fringe  systems  for  each  wavelength  X  .  Experimentally,  a  light  of  a  cold 
mercury  arc  has  been  recorded  holographically  on  a  photoplate  and  then  successfully 
reconstructed  with  the  632  nm  HeNe  laser.  A  symmetrical  spectrum  has  been  obtained 
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with  all  characteristic  mercury  line  systems.  Holographic  FT  spectroscopy  allows  one 
“recording”  spectra  on  a  lensless,  slitless  and  completely  static  interferometric  assembly 
of  two  mirrors,  simply  pointed  in  the  general  direction  of  a  difftise  source.  Another  way 
to  record  interferometrically  mercury  spectrum  has  been  demonstrated  in  [2]. 

The  proposed  method  combines  two  normally  separated  functions:  (1)  identification 
(recognition)  of  a  light  pattern  (not  necessarily  a  spectral  one)  from  a  sample  and  (2)  its 
decomposition  or  mapping  in  the  “space  of  species”  rather  than  in  the  spectral, 
wavelength  space.  Another  advantage  of  the  proposed  detection  concept  is  that  the 
holographic  sensor  is  highly  selective  (it  is  a  volume  Bragg  selective  grating),  whereas  the 
conventional  dispersing  element,  a  periodical  diffraction  grating  is,  in  fact,  an  extreme  case 
of  nonselectiveness.  In  the  proposed  method,  a  multi-wavelength  light  pattern  rather  than 
a  single  spectral  line  of  a  species  is  used  for  detection  and  mapping.  This  is  why  the 
overlapping  error  is  quite  unlikely. 

The  holographic  sensor  may  as  well  respond  to  a  combination  of  components  of  a 
sample  which  seems  to  be  important  for  many  applications.  The  optical  holographic 
sensors  do  not  require  sophisticated  data  processing  thus  opening  a  way  to  compact, 
reliable,  in-situ  sensors/analyzers.  Additionally,  an  all-optical  sensor  is  noise-resistant  in 
industrial  and  combat  environments.  Power  supply  may  also  be  not  needed  as  optical 
output  may  indicate  directly  a  species  detected  (say,  by  its  position  on  a  calibrated  range) 

3.  A  model.  We  consider  a  simplified  model  of  computer-generated  holographic 
sensor  (CGHS).  We  use  a  species  spectrum  to  build  CGHS.  A  software  was  developed 
to  select  the  n  major  peaks  from  an  absorption  spectrum.  An  n-plexed  hologram  was 
created  using  a  point  source  object  and  plane  wave  reference  beam  in  each  case.  Figure  1 
shows  256  gray-scale  image  of  an  CGHS  for  acetone  (CH3COCH3).  The  computational 
resolution  is  500x500  pixels.  Seven  peaks  were  selected  and  multiplexed.  Spectral  data 
was  obtained  from  the  EPA/AEDC  Spectral  Database 
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Fig.  1:  (a)  Computed  256  gray-scale  image  of  multiplexed  CGHS  for  seven  spectral 
peaks  from  acetone,  (b)  A  spectral  response  obtained  by  multiplexing  of  a  scanned 
spectrum  of  acetone  (  7  lines  are  taken).  Each  of  the  seven  original  acetone  peaks  is 
reconstructed,  and  a  high  spectral  selectivity  of  the  CGHS  is  obvious 
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Both  recording  and  reconstruction  were  accomplished  using  a  discretized  Fresnel 
integral.  The  reconstruction  using  the  original  acetone  spectrum  generates  a  response  at 
the  central  maximum  which  is  more  than  100  times  greater  than  the  reconstruction  is  done 
with  a  spectrum  of  toluene.  Further  computational  experiments  revealed  a  nearly  linear 
dependence  on  the  number  of  acetone  lines  present.  With  five  acetone  lines  present 
(0.0211,  0.0362,  0.0437,  0.0460,  and  0.0576  mm),  the  intensity  of  the  central  maximum 
was  228,814.  With  two  acetone  lines  present  (0.0437  and  0.0576  mm)  the  central 
maximum  was  106,155.  That  is,  the  proposed  detection  method  is  robust  to  individual 
spectral  lines  that  may  be  removed  from  spectrum  without  affecting  significantly  the 
response.  Simply  flat  “white”  background  which  simulates  a  thermal  one  leads  to 
response  .016  times  acetone  response.  That,  in  turn,  means  that  the  detection  is  robust  to 
thermal  background. 

Further  simulation  results  will  be  presented  including  the  demonstration  of 
generalization  capabilities  of  the  holographic  sensor  which  can  be  designed  and  built  to 
detect  families  of  chemical  components  such  as  “toxic  metals”,  “aromatic  cancerogenes”, 
etc. 
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Computer-generated  hologram  for 
reconstruction  of  unusual  mode  image 
Gao  Wenqi  Tan  Saqing  Zhou  Jin 
(Department  of  Physics,  Nanjing  University,  Nanjing! 1009 3) 

Introduction 

Usually  in  reconstruction  of  Fourier  computer-generated  hologram[FCGH]  the  lens  Ls 
necessary  to  make  imaging  at  finite  distance  instead  of  imaging  at  infinite  originally.  The 
reconstructed  images  are  mutual  inverted  (  one  upright  image, another  inverted  image)  both 
appear  in  a  same  plane.  Wliether  the  imaging  lens  in  reconstruction  FCGH  will  be  able  to  omit? 
ViTiether  two  reconstructed  images  will  be  able  to  separate  in  spatial?  \\Tiether  two  images  have 
an  identical  direction  and  different  shape  in  the  same  plane?  It  is  the  motivation  for  us  to  do 
this  study.  Through  theoretic  analysis  and  experimental  reconstruction  these  assume  can  be 
realized  essentiallj'. 

Principle 

In  reconstruction  configuration  of  FCGH,  as  shown  in  Fig.l  only  by  virtue  of  the  Fourier 
lens  (F.T.lens)  to  complete  Fourier  transform, computer-generated  Fourier  hologram  can 
reconstruct  the  image  of  original  object  and  the  conjugate  image.  The  transmission  function  of 
Fourier  lens  in  reconstructive  geometry  is  : 

T  =  exp[-jk(x^  +y^)  /  2f]  =  exp[i  8  (x,y)]^  ( i ) 

where  f  indicates  the  focal  length  of  a  lens,  k  is  wave  number,  k=2  tt  /  A ,  X  is  the  wave 
length.  Here  the  constant  phase  delay  associated  with  the  lens  has  been  omitted  since  it  dose 
not  affect  the  result  in  any  significent  way  . 

Thus  it  can  be  seen  that  the  effect  of  a  lens  in  reconstruction  is  equal  to  introduce  a 
qudratic  phase  factor  exp[-jk(x^+\’^)  /  2fl.If  U(x,y)  expresses  optical  field  behind  FCGH,  thus 
the  optical  field  U'(x,y)  behind  the  positive  lens  Ls: 

U  (x,y)  =  U(x,y)exp[-jk(x"  V)  /  2fl  (2) 

That  shows  the  quadratic  phase  factor  may  be  added  in  frequency  spectrum  of  FCGH 
directly. 


Figl.  The  reconstruction  configuration  Fig2.  The  reconstruction  configuration 

of  the  usual  FCGH  of  the  unusual  CGH 

Following,  this  hologram  has  been  further  discussed  dividing  into  three  cases.  In  order  to 
explain  physical  principle  conveniently,  the  continuous  function  is  adopted  in  discussion  instead 
of  discrete  form  in  practical  calculation. 

1).  Adding  directly  positive  lens  factor  into  frequency  spectrum  of  a  object. 

Assuming  objecte  function  is  f(x,y), object's  frequency  spectrum  function  is^(x,y),  when 
adding  the  quadratic  phase  factor  the  optical  filed  is: 

U(f:,fy)  =  ?f(.x,y)  •  exp[i  8  (fx,fy)] 


(3) 
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where  0  (fx,ty)]  is  the  added  quadratic  phase  factor, 

e(fx,fy)]  =  [-k(fx^+f/)/2f] 

When  CGH  has  recorded  information  of  U(fx,fy),the  optical  filed  +f  distance  away  from 
this  CGH  is: 

Uo(xo,yo)  =  [exp(jkf)]  /  j  ^  f  •  exp[jk(xo^  +yo‘ )  /  2fl  •  ' 

JJ U(f^,fy)  •  exp[jk(fx^  +fy^)  / 2f]  •  exp[-j2  rt  (Xofx  +yofy  )  '  2f]dfKdfy 

=  [exp(jkf)]  /  j  X  f  •  exp[jk(Xo^+yo^)  /  2f]  •  ?[?[f(x,}')]]  (4) 

In  formula,  except  phase  factor  the  ?[?[f(x,y)]]ls  Fourier  transform  of  object's  fi-equency 
spectrum,  i.e.  ?[?[f(x,y)ll  is  the  image  filed  of  original  object,  the  phase  factor  not  acts  on 
observing  intensity. 

Because  detour  phase  encoding  method^'^  is  adopted  in  CGH,  the  phase  of  - 1  order  and 
-1  order  are  mutual  conjugate  in  reconstruction.  When  adding  the  positive  lens  phase  factors, 
image  of  original  object  can  be  reconstructed  exacth'  on  +1  order.  For  -1  order,  the  added 
positive  quadratic  phase  factor  converts  sign  that  is  equal  to  qudratic  phase  factor  of  negative 
lens  exp[-ie].  For  -1  order,  the  optical  filed  also  became  U'(fx,ty), thus, inverted  image  of 
original  object  can  be  recontructed  on  -1  order  -f  distance  away  from  the  CGH. 
Therefore, when  unit-amplitude  parallel  light  illumnates  this  CGH.  one  reconstructed  image 
appears  on  +1  order  location;  For  -1  order,  which  is  equivalent  to  add  a  negative  lens,  a  light 
spot  is  seen  in  -1  order  location  and  -1  order  reconstructed  image  is  actually  in  negative  focal 
length  -f  (here  the  light  spot  is  defocussed  image  of  -1  order  reconstructed  image  ).  Thus,  the 
lensless  spatial  separation  of  reconstructed  images  at  -1  order  and  -1  order  comes  hire. 
Similarly,  adding  negative  quadratic  phase  factors  into  frequency  spectrum  of  object, 
conjugate  image  appear  in  -1  order  location  and  a  light  spot  appears  in  -^1  order  location. 

2).  Adding  positive  lens  factors  into  fi-equency  spectmm  of  object  and  adding  negative 
lens  factors  into  conjugate  frequency'  spectrum  of  object. 

Assuming  object  function  is  f(x,y),  the  function  of  object's  frequency  spectrum  is: 

?[f(x,y)]=A(fx,t;  )  exp[i  (i  (f;,fy)i  (5) 

the  function  of  object's  conji^ate  frequency  spectrum  is: 

J  [f(x,y)]=A(fx,fy)  exp[-i  4)  (fx,fy)]  (6) 

let  foimula  (5)  add  positive  lens  factor  exp[i  0  (fx,fy)]and  fonnula  (6)  add  negative  lens  factor 
exp[-i  0  (fx,fy)]  respectively  then  adding: 

A(fx,fy)  eXpi[  4)  (fx,fy)  0  (fxrfy)]  +  A(fx,fy)  eXp-i[  4)  (fx,fy)+  0  (fx,fy)] 

=  2A(fx,fy)  •  COS[  4>  (fxyfy)-^  6  (fx,fy)]  (7) 

obviously,  now  only'  two  times  real  part  exist, virtual  part  vanish. Thus,  two  identical  direction 
images  appear  simultaneously  at  +1  order  location  and  -  1  order  location  on  the  same  plane 
when  reconstructing. 

3).  Adding  positive  lens  factor  into  frequency  spectuim  of  oneobject  and  negath  e  lens 
factors  into  conjugate  frequency  spectrum  of  another  different  object  respectively. 

Assuming  a  object  f(.x,y)  through  Fourier  transfonn, function  of  object's  frequency 
spectrum  is: 

?[f(x,y)]= A(fx,fy)  exp[i  4)  A(fxTy)]  (8) 

Assuming  another  object  g(x,y)  through  Fourier  transform, function  of  object's  conjugate 
frequency  spectrum  is: 

?  [g(x,y)]=B(fx,fy)  exp[-i  4)  B(fx,fy)]  (9) 

Let  formula  (8)  add  positive  lens  factor  exp[i  0  (fx,ty)]  and  formula  (9)  add  negativ'e  lens  factor 
exp[-i  0  (fx,fy)]  repectively  then  adding: 
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A(fx,fy)  eXpi[  4,  A(fx,fy)+  6  (fx,fy)]  +  B(fx,fy)  exp-i[  4.  B(fx,fy)+  e  (fx,fy)] 

=  C(fx,fy)  expi[  (3  (fx,fy)]  (10) 

where  C(fx,fy)  and  P  (fx,fy)  express  amplitude  and  phase  of  combined  frequency  spectrum 
repectivefy.  when  tinit-amplitude  parallel  light  illumnates  this  type  CGH,two  identical 
directional  different  reconstructed  images  appear  simultaneously  at  +1  order  location  and  -1 
order  location  on  the  same  plane|away  from  the  CGH 
Experiment 

Lee's  delay  sampling  method'*  '^  is  adopted  in  CGH.  The  sampling  point  of  object  is  64  x 
64.  Before  FFT  transform,  the  object  function  addsa  random  phase  factor  to  prvent  dynamic 
range  of  Fourier  frequency  spectrum  too  big.  The  size  of  the  CGH  drawing  by  plotter  is  256  x 
256mm^ ,  then  reducing  the  drawing  (lOOx)  by  photograph,  the  required  CGH  is  obtained. 

'When  reconstructing,  the  parallel  He-Ne  laser  ( X  =633nm)  illuminates  the  CGH,  the 
configuration  is  shown  in  figure  2.  Because  of  adding  the  quadratic  phase  factor  (which  is 
equavalent  to  a  lens), the  CGH  has  the  function  of  self-focusing.  The  reconstruction  image  will 
be  a  focal  length  f  away  from  the  CGH  (  in  our  experiment  f  is  61cm).  For  the  CGH  that 
positive  lens  factor  is  added  in  frequency  spectrum  of  the  object  (English  word  'pig'),  one 
upright  imag£  ■  of  originally  object  appear  in  +1  order  location  and  one  light  spot  appear  in  -1 
order  location  when  reconstructing  as  shown  in  figure.  3  (a) 

For  the  CGH  that  positive  lens  factor  is  added  into  frequency  spectrum  of  the  object  and 
negative  lens  factors  is  added  into  conjugate  frequency  spectrum  of  the  object  respectively,  two 
image  having  identical  direction  appear  at  +1  order  location  and  -lorderlocation  on  the  same 
plane  when  reconstructing  as  shown  in  figure.  3  (b) 

For  the  CGH  adding  positive  lens  factor  into  frequency  specturm  of  one  object  and 
negative  lens  factors  into  conjugate  frequency  spectrum  of  another  different  object  repectively, 
two  identical  direction  different  reconstructed  images  appear  at  +1  order  location  and  -1  order 
location  on  thesame  plane  f  away  from  the  CGH.  The  reconstructed  image  of  this  CGHis 
shown  in  figure.3  (c) 

If  illumnating  the  CGH  is  not  parallel  light,  the  position  of  reconstructing  image  plane  may 
be  calculated  by  lens  equation,  which  is  decided  by  the  divergence  and  convergence  of  incident 
light.  The  experimental  results  is  identical  to  thoeretic  analysis  but  the  noise  is  laigger  in  latter 
two  situations  . 

For  the  convenience  of  comparison,  the  reconstructed  images  of  usual  CGH  is  shown  in 
figure  3.(d) 


(a;  (b)  (.Cj  (d) 

Fig.3.  reconstructed  images  of  CGH’s  unusual  mode  and  usual  mode,  (a),  spatial  spectrum  of  two  recontruction 
images,  (b).two  reconstruction  images  having  an  idendacal  direction  .(c). two  different  shape  reconstruction  images 
having  identical  direction  .  (d).two  mutual  inverted  recontruction  images. 

Conclusion 

The  new  type  CGH  that  the  quadratic  phase  factor  is  directly  added  in  frequency 
spectrum  of  object  has  the  function  of  self-focusing  and  self-imaging  objectively,  the  imaging 
lens  can  be  omitted  in  CGH’s  reconstruction.  The  optical  configuration  becomes  more  simple 
and  more  compact.  The  reconstructed  images  break  through  traditional  mode  (one 
upright  .another  inverted  both  appear  in  a  same  plane),  The  spatial  separation  of  reconstructed 
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images  comes  true.  +1  order's  upright  iinage  and  -1  order's  inverted  image  may  be  appear  in 
dtffenert  plane  respectively  WTien  reconstructing;tvvo  upright  image  (having  identical 
direction)  of  same  object  or  different  object  appear  at  +1  order  location  and  -1  order  location 
respectively  in  the  same  plane.  This  study  explores  a  singnificant  new  way  for  making  particalar 
reconstructive  demand  CGH,  if  increasing  diffraction  efficiency  and  the  signal-to-noise  ratio,  a 
good  future  for  application  could  be  exepected. 
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Introduction 

A  hologram  on  which  an  interference  pattern  is  recorded,  appears  transparent  after  exposure, 
developing  and  bleaching.  However,  these  types  of  holographic  transparencies  are  found  to  have 
both  some  periodic  variations  of  optical  density  and  surface  reUef  when  measured  using 
microdensitometer  and  profilometer.  We  refer  to  this  kind  of  holographic  grating  as  a  compound 
hologram,  i.e.  it  contains  variations  in  both  amplitude  and  phase. 

It  is  well  known  that  the  diffraction  efficiency  of  this  kind  of  bleached  holographic  grating  is  a 
function  of  the  exposure.  Under  ideal  conditions  one  can  control  the  exposure  and  bleaching 
process  to  maximize  the  diffraction  efficiency  of  the  first  order  diffracted  beam  (approaching  33%) 
or  one  of  the  higher  order  diffracted  beams. 

We  analyze  the  diffraction  property  of  this  kind  of  grating  below.  We  assume  that  the 
transmittance  function  of  a  compound  holographic  grating  is 

t  (x’,y’)  =  {[(1/2)  +(ma/2)sin(27cf  x’)]  exp[j(mp/2)sin(27t  f  x’)}*rect(x’/L)rect(y’/L)  (1) 

where  mg  is  the  peak  to  peak  excursion  of  the  amplitude  transmittance 

mp  is  the  peak  to  peak  excursion  of  the  phase  delay 
L  is  the  width  of  the  square  aperture  bounding  the  grating 


The  sinusoidal  variation  of  the  amplitude  is  caused  by  the  residual  amplitude  of  the  partially 
bleached  grating.  The  sinusoidal  variation  of  the  phase  is  caused  by  refractive  index  variation 
associated  with  the  surface  relief  of  the  bleached  emulsion.  The  variations  of  both  amplitude  and 
phase  are  in  phase.  Substituting  the  identity 


exp[}(mp  /2)  sin2  n  f  x’)]  =  Jq  (mp  /2)exp(j2  n  qf  x’) 


q  =  -eo 
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where  Jq  is  the  Bessel  function  of  the  first  kind,  of  order  q,  into  equation  (1)  gives  the  expression 
for  the  transmittance  function, 


t  (x’,y’)  =  {(1/2)  E  Jq  (mp  /2)exp(j2  n  qf  x’)  +(ma/4j)  E  Jq  (mp  /2)exp(j2  %  (qf  +  f)x’) 

-  (nia/4j)  E  Jq  (mp  /2)exp(j2  k  (qf  -  f)x’))  *rect(x’/L)rect(y’/L)  (2) 

Thus,  when  a  compound  grating  is  illuminated  by  a  normalized  monochromatic  wave,  the  field 
distribution  just  behind  the  aperture  is  assumed  proportional  to  t  (x’,y’).  Fourier  transforming  this 

field  distribution  and  using  the  shifting  property  of  5  -  functions,  we  obtain 


FT  [  t  (x’,  y’)  ]  =  L2  sinc(Lfy  )((l/2)  E  Jq  (mp  /2)sinc[L(fx  -  qfo  )] 


+  (ma/4j)  E  Jq  (mp/2)sinc[L(fx  -  qf  -f)] 

-(ma  /4j)E  Jq  (mp  /2)sinc[L(fx  -  qf  -  f)]  (3) 

After  substituting  fx  =  x/  X  z,  f  y  =y/  X  z,  it  is  simple  to  show  that  the  intensity  distribution  is 
I  (x,y)  =  (L2  /2  X,  z)2  sinc^  (Ly/  X,  z)  E  Jq2  (mp  /2)sinc2  [(L/  X.  z)(x  -  qf  X,  z)] 

+  (ma^  /4)  E  Jq2  (mp  /2)sinc2  [(L/  X  z)(x  -  qf  X.  z  -  f  X,  z)] 

+  (ma^  /4)  E  Jq2  (mp  /2)sinc2  [(L/  X,  z)(x  -  qf  X-  z  +  f  X,  z)] }  (4) 

Equation  (4)  is  thus  the  diffraction  pattern  of  a  compound  holographic  grating.  If  we  choose  mp 
=  0, then 

E  Jq  (mp  /2)=Jo(0)  =  l 

The  intensity  distribution  reduces  to  the  diffraction  pattern  of  a  pure  sinusoidal  amplitude  grating. 

If  ma  =0  then  expresses  the  diffracted  intensity  distribution  of  a  pure  sinusoidal  phase  grating. 

If  we  assume  that  q  =  0  in  Eq.  (4),  we  have 

Iq  (x,y)  =  (L2  /2  X,  z)2  sinc2  (Ly/  X  z)[Jo^  (mp  /2)sinc2  [{L/X  z)x] 

+  (ma^  /4)  Jo^  (mp  /2)  sinc^  [(L/  X.  z)(x  -  f  X,  z)] 

+  (ma^  /4)  Jo2  (mp  /2)  sinc^  [(L/  X.  z)(x  +  f  X.  z)]  (5) 


While  q  =  ±  1,  it  becomes 
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I±1  (x,y)  =  (L2  HX  z)2  sinc2  (Ly/  X  z)[J±i2  (mp  /2)sinc2  [(L/  X  z)(x  -+  f  ^  z)] 

+  (ma2  /4)J+i2  (nip  /2)sinc2  [(L/  X  z)(x '+  2f  X  z)] 

+  (ma2  /4)J+i2  (mp  /2)sinc2  [(L/  X.  z)x}  (6) 

Eqs  (5)  and  (6)  indicate  that  there  always  exist  three  terms  for  any  one  of  the  values  of  q.  These 
terms  are  similar  to  the  three  components  diffracted  by  a  pure  sinusoidal  amplitude  grating.  In 
other  words,  each  diffraction  order  of  a  compound  grating  actually  consists  of  three  components: 
the  central  maximum  of  q  order,  and  the  two  side  maxima  of  (q+1)  and  (q-1)  orders.  From  Eq.  (4) 
we  can  explain  the  behavior  of  the  diffraction  efficiency.  When  the  exposure  time  increases,  mp 
increases  also.  The  phase  component  of  a  compound  grating  plays  an  increasingly  important  role 
in  diffraction  with  increasing  mp.  The  maximum  diffraction  efficiency  evolves  from  the  zero  order 
to  higher  order  terms  due  to  the  properties  of  the  Bessel  function  of  the  first  kind. 

Since  the  sinusoidal  amplitude  grating  is  always  present,  then  in  a  compound  hologram,  every 
order  of  the  Bessel  function  is  actually  diffracted  into  three  components.  When  mp  is  such  that 
the  diffract^  intensity  of  the  q*  order  of  a  pure  phase  gating  is  equal  to  zero,  then  there  will  still 
be  the  left  side  maximum  of  (q+1)  order  and  the  right  side  maximum  of  (q-1)  order  at  the  position 
of  the  qth  order  for  the  grating.  Therefore  the  order  is  not  absent. 
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Introduction: 

Diffractive  Optics,  defined  as  the  use  of  diffraction  to  aid  or  perform  the  imaging  process,  belongs 
to  the  large  familiy  of  19th  century  concepts  in  optics  that  have  moved  from  obscurity  to  important 
technology  thanks  to  a  fascinating  confluence  of  recently  discovered  needs  with  development  of  a 
whole  collection  of  new  enabling  technologies.  These  include  computational  methods,  optical 
materials,  and  finally  precision  engineering  processes  that  convert  the  impossible  into  the  possible  . 
Not  one  of  these  basic  developments  originated  because  of  demands  from  the  Diffraction  Optics 
community.  They  came  from  the  outside  world  and  were  conveniently  appropriated  as  needs  arose. 

Early  History 

The  first  serious  study  of  possibilities  of  diffraction  modified  imaging  was  due  to  Cornu, 
who  was  stimulated  by  reports  of  the  effects  of  systematic  groove  spacing  errors  on  diffraction 
gratings,  which  shifted  the  focal  plane  of  his  imaging  optics.  An  1875  paper  describes  his  work, 
first  with  standard  gratings,  but  quickly  recognizeing  that  results  apply  equally  well  for  spherical 
waves  combined  with  circular  grooved  gratings.  He  went  so  far  as  to  build  a  special  ruling  engine 
designed  to  allow  deliberate  program  errors  to  be  introduced.  He  ruled  Fresnel  patterns  into  a  layer 
of  soot  on  glass,  with  8.5  mm  focal  length.  He  noted  other  orders  at  integral  multiples.  Further 
work  was  reported  in  1893,  but  practical  applications  were  not  on  his  mind. 

Lord  Rayleigh  experimented  with  Fresnel  Zone  plates  at  about  the  same  time,  and  noting 
that  no  more  than  10%  was  imaged  in  any  one  plane  suggested  that  the  opaque  zones  be  replaced 
with  transparent  ones  etched  deep  enough  to  give  them  a  7t/2  phase  difference.  It  remained  for 
R.W.  Wood  some  25  years  later  to  produce  such  a  ‘lens’  and  he  was  happy  to  find  as  much  as 
40%  in  the  principal  image  plane.  Excessive  stray  light  inhibited  any  thought  he  might  have  had  of 
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actually  using  it. 

Wood,  who  was  the  first  to  blaze  a  standard  diffraction  grating  by  giving  the  grooves  a 
triangular  shape  (-1910),  must  have  considered  applying  this  idea  to  his  lens,  but  evidently  could 
find  no  good  way  to  actually  carry  out  the  idea.  This  was  to  take  another  40  years,  which  gives  a 
clear  indication  of  how  difficult  a  job  this  is. 

Enabling  Technology  for  Blazing 

The  first  outside  development  that  proved  critical  to  diffraciive  optics  was  precision 
diamond  turning  machines.  Originally  built  at  Phillips  research  labs,  passed  on  to  DuPont,  it  found 
its  first  U.S.  home  in  Oak  Ridge  and  Lawrence  Livermore  Labs.  The  first  applications  were  for 
generating  precision  spheres,  but  they  were  also  treated  as  an  academic  prospect  (1960).  These 
machines  were  not  only  equipped  with  accurate  slides,  but  were  the  first  to  apply  programmable 
digital  interferometric  feedback  position  control.  Crucial  also  were  the  recently  developed  air 
bearing  spindles  with  axial  run-out  at  the  50  nm  level  or  better,  and  finally  they  taught  the  all 
important  lesson  that  temperature  of  the  entire  machine  and  its  environment  both  could  and  should 
be  held  constant  to  0.01  C  or  less.  The  development  of  corresponding  diamond  tools  should  not  be 
overlooked. 

A  quite  different  and  to  some  extent  more  versatile  approach  was  introduced  in  the  1980’s 
capable  of  giving  similar  results.  This  was  the  oddly  named  concept  of  binary  optics,  which  rested 
on  the  proposition  that  there  is  little  optical  difference  between  a  smooth  triangular  groove  face  and 
its  approximation  by  a  series  of  steps  (4  to  16).  It  could  never  have  been  put  to  use  without  the 
great  advances  in  microlithography,  in  all  its  aspects.  It  requires  a  set  of  accurately  made  masks  and 
means  to  align  them.  Making  masks  requires  special  pattern  generators,  ‘writing’  with  either  laser 
or  electron  beams.  The  latter  can  write  finer  patterns,  but  are  slow,  expensive,  and  work  in  a 
vacuum.  Thanks  to  digital  programming  they  have  the  advantage  of  beitig  able  to  produce  off  axis 
and  other  non-symmetrical  patterns  when  required,  hardly  reasonable  to  do  on  lathes. 

Replication 

An  important  step  in  making  volume  diffraction  optic  elements  is  replicating  the  modulated 
surface  of  a  master  onto  the  product  optic.  The  goal  invariably  is  how  to  combine  high  fidelity 
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with  low  cost.  This  describes  injection  molding  quite  well,  but  presupposes  that  limitations 
inherent  in  a  plastic  lens  are  acceptable,  especially  changes  of  index  with  temperature.  More 
aecurate,  but  much  slower,  is  the  casting  process.  The  master  is  ‘glued’  to  the  glass  product  with  a 
low  viscosity  monomer  which  is  then  polymerized,  usually  with  the  aid  of  UV  radiation.  If 
properly  prepared,  the  two  surfaces  can  be  separated  without  damage,  so  that  the  process  can 
quickly  be  repeated.  Another  potentially  useful  process  involves  embossing  the  master  pattern, 
usually  in  the  form  of  a  nickel  electroform,  against  the  product  that  has  been  coated  with  a  special 
film  that  must  adhere  tightly  to  the  substrate,  is  readily  deformed  and  finally  cured  with  UV  light. 

Some  applications 

The  simplest  diffractive  lens,  and  used  in  the  greatest  volume,  is  the  small  collimating  lens 
found  in  every  CD  system  for  the  last  15  years.  It  is  made  by  a  molding  process.  At  the  other  end 
of  the  scale  are  large  high  grade  IR  lenses  made  out  of  germanium,  'fhe  material  is  heavy  and 
expensive,  giving  every  incentive  to  use  singlets.  To  reduce  resulting  aberrations  and  chromatism 
with  a  diffractive  surfaee  is  an  excellent  solution.  With  volume  low,  ii  makes  sense  to  turn  the 
pattern  directly  into  the  surface  of  each  lens. 

Quite  another  problem  is  a  refleeting  system  where  simple  design  calls  for  skew  rays,  yet 
all  mirrors  are  required  to  be  spheres  for  low  cost.  A  diffractive  optic  \^'ith  skew  pattern  provides 
an  ideal  tool  for  suppressing  aberrations.  One  cannot  overlook  in  suc  h  cases  the  fact  that  any 
diffractive  surface  will  change  its  angular  behavior  with  wavelength.  I  his  is  desirable  for  taking 
advantage  of  chromatizing  possibilities,  but  it  may  in  some  instances  limit  the  wavelength  band 
over  whieh  it  can  be  used. 

A  totally  unique  application  of  diffractive  optics  is  found  in  the  vacuum  alignment  tunnel  of 
the  Stanford  Linear  Accelerator.  It  supplies  the  straightness  reference  over  the  full  2  miles  to  an 
accuracy  of  0.025  mm,  as  checked  every  8  m.  This  is  done  with  a  set  ol'  296  Fresnel  lenses  made 
by  etching  their  patterns  into  10  inch  square  sheets  of  0.01  ineh  thick  nickel.  There  is  a  laser 
illuminated  pinhole  at  one  end  and  an  elegant  quadrant  detector  at  the  other,  which  recognizes  any 
off  axis  condition  of  the  lenses  (1  at  a  time)  with  aecuracy  to  spare.  This  was  set  up  in  1966  and  to 
this  day  no  alternative  coneept  has  been  proposed  that  could  do  the  job. 
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Introduction 


Liquid  crystals  are  frequently  used  as  active  diffractive  optical  elements  [1,2].  These  materials  offer 
several  advantages,  including  rapid  response  [3],  large  aperture,  and  low  cost.  The  simplest  liquid  crystal 
diffractive  structure  is  a  one  dimensional  grating  comprised  of  a  linear  array  of  electrodes  [4].  Application 
of  different  voltages  along  the  electrode  array  results  in  a  multi-level  phase  structure  which  may  take  the 
form  of  a  blazed  grating  or  phased  array.  For  such  devices,  the  phase  front  across  the  grating  aperture  is 
constructed  from  periodic  and  quantized  phase  steps  up  to  271. 

Conventionally,  birefringence  modulation  has  been  used  to  obtain  the  phase  modulation  for  liquid 
crystal  gratings.  This  is  achieved  by  electrically  changing  the  extraordinary  refractive  index  encountered 
by  the  optical  field.  Changing  the  birefringence  to  induce  a  phase  modulation  is  inherently  chromatic. 
That  is,  the  phase  difference,  O,  induced  on  the  field  is  wavelength  dependent  and  is  in  general  given  by: 


^  =  2%n^^{V)dA  . 


(1) 


Here  n^^{V)  is  the  voltage  induced  change  in  the  extraordinary  index  of  refraction,  d  is  the  liquid  crystal 
thickness,  and  X  is  the  wavelength  of  the  optical  field. 

If  instead  the  phase  is  due  purely  to  polarization  modulation,  as  is  the  case  described  here,  the  phase 
induced  on  the  optical  field  is  achromatic.  This  is  because  the  phase  modulation  depends  on  the  optic  axis 
orientation  of  the  liquid  crystal  retarder  in  the  plane  transverse  to  the  direction  of  propagation  and  not  on 
the  refractive  indices. 

Such  a  broad  band  active  grating  structure  has  a  distinct  advantage  over  conventional  phase  modula¬ 
tion  based  on  retardation.  If  the  reset  phase  of  271  for  the  grating  is  independent  of  wavelength,  then  there 
will  be  no  material  dispersion  and  the  only  dispersive  effects  will  be  due  to  the  grating  structure  itself. 
Grating  dispersion  is  a  consequence  of  the  far  field  propagation  of  the  diffracted  light.  Such  propagation 
effects  can  be  theoretically  compensated  for  by  a  diffractive  system,  such  as  an  achromatic  Fourier 
transformer  [5]. 

Phase  Modulators  Using  Chiral  Smectic  Liquid  Crystals 

Multiple  phase  levels  can  be  achieved  by  rotating  the  optic  axis  of  a  half-wave  plate  in  a  plane 
transverse  to  a  circularly  polarized  optical  field  [6].  A  few  microns  of  planar  aligned  chiral  smectic  liquid 
crystal  (CSLC)  between  electrodes  results  in  an  electrically  activated  half-wave  plate  with  a  rotatable  optic 
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axis.  The  phase  induced  on  a  circularly  polarized  field  is  equal  to  twice  the  rotation  of  the  optic  axis  ot  the 
half-wave  retarder  with  respect  to  a  reference  orientation. 


O  =  2^'  a 


(2) 


Where  k  is  the  number  of  half-wave  retarders  or  the  number  of  passes  through  a  half-wave  retarder  and  a 
is  the  optic  axis  rotation.  The  advantage  of  CSLC’s  is  that  the  optic  axis  can  be  reoriented  within  submi¬ 
crosecond  times  [3]. 

There  are  several  structures  that  can  produce  such  a  phase  modulation.  The  basic  structure  is  a 
CSLC  half-wave  retarder  sandwiched  between  two  passive  quarter- wave  retarders  [6].  Here  the  induced 
phase  is  O  =  2a,  where  a  is  the  relative  optic  axis  orientation  of  the  CSLC  retarder.  These  materials  exhi¬ 
bit  maximum  optic  axis  reorientations  that  vary  from  a  few  degrees  for  electroclinic  [7]  materials  to  nearly 
90  for  Smectic  C  materials  [8].  Since  the  phase  is  twice  the  reorientation  of  the  optic  axis  per  pass 
through  a  half-wave  retarder,  multiple  half-wave  plates,  reflection-mode  configurations  or  resonantly 
enhanced  devices  are  needed  to  obtain  enough  phase  to  produce  efficient  diffractive  elements  having  more 
than  two  phase  levels. 

We  have  recently  implemented  a  reflection-mode  modulator  at  632.8  nm  using  a  ferroelectric  half¬ 
wave  retarder  and  polymer  cholesteric  liquid  crystal  mirror  [9].  The  device  demonstrated  nearly  2%  radians 
of  analog  phase  modulation. 

In  this  meeting  one  of  the  things  we  will  present  is  our  continued  effort  to  obtain  large  analog  phase 
modulation  using  a  single  active  device.  One  such  structure,  a  resonant  device  which  employs  a  quarter- 
wave  thick  retarder  of  electroclinic  material  between  a  high  reflector  and  a  partially  reflecting  (65%) 
cholesteric  mirror  has  been  implemented  at  1064  nm.  This  device  demonstrated  a  phase  modulation  of 
O  =  8a  ,  or  just  over  k  radians.  This  is  the  first  integrated  active  resonant  device  using  a  cholesteric  mirror 
and  conventional  mirror.  Another  new  phase  modulator  is  a  two  pass  device  which  is  an  extension  of  the 
phase  modulator  discussed  in  reference  9.  A  4|i.m  thick  CSLC  retarder  was  fabricated  onto  a  8.5p.m  thick 
polymer  cholesteric  mirror  which  reflected  86%  of  left  hand  circularly  polarized  light  at  1064  nm.  An  ana¬ 
log  phase  modulation  depth  of  over  37t/2  radians  was  observed.  Figure  1  is  a  plot  of  the  phase  modulation 
as  a  function  of  electric  field  demonstrated  by  this  new  modulator. 

Chiral  Smectic  Liquid  Crystal  Gratings 

The  diffraction  characteristics  of  the  liquid  crystal  grating  depend  on  the  aspect  ratio  of  the  grating 
thickness  and  grating  period  [10].  For  a  large  grating  period  the  diffraction  efficiency  may  be  obtained 
using  scalar  diffraction  theory.  As  the  grating  period  becomes  smaller  and  the  diffraction  angles  increase, 
the  theoretical  diffraction  efficiency  must  be  obtained  using  rigorous  coupled  wave  theory  [11].  A  system 
of  equations  has  been  derived  from  Maxwell’s  curl  equations  and  implemented  numerically. 

The  number  of  resolvable  spots  can  be  shown  to  first  order  to  vary  as  twice  the  square  root  of  the 
number  of  electrodes,  2,J^,  [12].  However,  the  flexibility  of  addressing  imparted  by  the  electrode  struc¬ 
ture  allows  a  significant  increase  in  the  number  of  resolvable  spots  over 

The  chromatic  effects  of  the  liquid  crystal  retarder  have  also  been  determined.  The  retardation 
change  on  switching  results  in  a  small  amplitude  grating  which  will  direct  some  of  the  incident  light  to  the 
-1  and  -1-3  orders.  However,  for  a  typical  amplitude  modulation  of  10%  the  amount  of  light  directed  to 
these  undesired  orders  is  0.2%  each.  Moreover,  this  amplitude  grating  does  not  reduce  the  number  ot 
resolvable  spots. 

Theoretical  results  including  diffraction  efficiency,  number  of  resolvable  spots,  and  chromatic  effects 
will  be  presented  at  the  meeting. 

We  will  also  present,  for  the  first  time,  experimental  results  obtained  from  the  implementation  of  a 
reflection  mode  liquid  crystal  grating  using  a  quarter-wave  CSLC  retarder  and  a  two  pass  configuration. 
The  device  exhibits  a  preferential  direction  for  the  primary  diffracted  beam  depending  on  the  direction  of 
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increasing  phase.  Preliminary  results  indicate  a  5: 1  contrast  ratio  between  the  ±1  orders. 

A  reflection-mode  grating  which  employs  a  half-wave  CSLC  retarder  and  a  polymer  cholesteric  mir¬ 
ror  as  the  back  plane  is  currently  being  fabricated.  A  schematic  of  this  device  is  shown  in  Figure  2.  The 
diffraction  characteristics  of  this  grating  will  also  be  presented  at  the  meeting. 
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Phase  Modulation  os  o  function  of  Applied  Electric  Field 


Electric  Field  Amplitude  (Volts/micron) 


Figure  1.  Experimental  measurements  of  phase  modulation  as  a  function  of  electric  field  for  the 
integrated  two-pass  modulator. 


Figure  2.  Schematic  of  the  CSLC  grating  with  a  polymer  cholesteric  liquid  crystal  backplane. 
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Introduction 

Real-time  holographic  display  architectures  are  currently  of  significant  interest,^'^  in  part 
due  to  intense  international  competition  to  develop  advanced  displays  for  high  definition  televi¬ 
sion,  three-dimensional  (3-D)  workstations,  and  virtual  reahty  systems.  We  have  recently 
invented  an  alternate  approach  to  holographic  displays  for  such  applications.  Our  3-D  display 
architecture  (referred  to  as  the  "partial  pixel  architecture")  is  functionally  equivalent  to  a  holo¬ 
graphic  stereogram,  yet  lends  itself  to  real-time  implementation  using  flat  panel  liquid  crystal 
technology  in  conjunction  with  diffractive  optical  elements.^  A  key  innovation  of  the  architecture 
is  the  encoding  of  very  high  space-bandwidth  product  components  typical  of  holographic  dis¬ 
plays  into  a  fixed  diffractive  optical  element  (IDOE),  while  the  lower  space-bandwidth  product 
components  of  actual  images  are  displayed  in  real-time  on  a  conventional  liquid  crystal  display 
(LCD).  In  this  paper  we  discuss  diffractive  optical  element  design  considerations  and  implemen¬ 
tation  issues  for  real-time  3-D  displays  based  on  the  partial  pixel  architecture. 

Background 

The  basic  geometry  of  the  partial  pixel  architecture  is  illustrated  in  Fig.  1.  A  pixelated  dis¬ 
play  is  present  in  the  x-y  plane,  and  a  viewing  region  is  located  a  distance  dy  from  the  plane.  One 
can  think  of  the  viewing  region  as  a  series  of  adjacent  virtual  slits  that  are  approximately  one 
pupil  diameter  wide.  As  in  a  holographic  stereogram,  each  eye  of  an  observer  sees  a  different 
image  on  the  display.  When  the  appropriate  set  of  stereopair  images  are  simultaneously  pre¬ 
sented  on  the  display  (with  a  single  image  visible  through  each  virtual  viewing  sUt),  the  scene 
appears  three-dimensional.  In  addition,  the  display  exhibits  one-dimensional  (1-D)  motion  par¬ 
allax  as  an  observer  moves  his  or  her  head  from  side  to  side  within  the  viewing  region.  Since  spe¬ 
cial  headgear  is  not  required  to  view  the  display,  it  is  also  autostereoscopic. 

In  order  to  simultaneously  display  separate  images  through  each  virtual  viewing  slit, 
each  pixel  of  the  display  must  (1)  direct  light  into  each  virtual  viewing  slit  and  (2)  independently 
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control  the  amount  of  light  directed  to  each  virtual  viewing  slit.  A  pixel  fulfilling  these  require¬ 
ments  could  thus  appear  "on"  (i.e.,  bright)  when  viewed  through  virtual  viewing  slit  m,  while 
simultaneously  appearing  "off"  (i.e.,  dark)  when  observed  through  virtual  viewing  slit  m+1. 

In  the  partial  pixel  architecture,  these  pixel  requirements  are  achieved  by  subdividing  the 
area  of  each  pixel  into  smaller  regions  (i.e.,  "partial  pixels").  Since  the  display  is  designed  such 
that  the  size  of  each  pixel  is  at  the  resolution  limit  of  an  eye  in  the  viewing  region,  these  partial 
pixels  are  not  visually  distinguishable.  Each  partial  pixel  is  responsible  for  directing  light  into  a 
single  virtual  viewing  slit,  as  well  as  controlling  how  much  light  is  directed  towards  that  slit. 
Construction  of  a  display  that  functions  like  a  holographic  stereogram  is  thus  reduced  to  the 
implementation  of  partial  pixels  that  provide  this  basic  functionality. 

Current  Real-time  Implementations 

We  have  recently  implemented  a  small  real-time  monochrome  display  based  on  these 
principles.^  As  illustrated  in  Fig.  2,  it  utilizes  a  conventional  liquid  crystal  display  in  conjunction 
with  a  suitably  designed  diffractive  optical  element.  Each  pixel  of  the  LCD  corresponds  to  one 
partial  pbcel  and  is  physically  aligned  with  a  single  diffraction  grating  on  the  DOE  as  illustrated 
in  Fig.  3.  The  diffraction  grating  diffracts  light  to  the  appropriate  virtual  viewing  slit,  and  the 
LCD  pixel  acts  as  an  amplitude  modulator.  The  minimum  DOE  feature  size  is  approximately  one 
micron.  Diffraction  from  the  effective  partial  pixel  aperture  determines  the  size  of  the  virtual 
viewing  slit  in  the  plane  of  the  viewing  region.  The  partial  pixel  apertures  are  designed  such  that 
the  virtual  viewing  slits  have  a  small  degree  of  overlap  in  this  plane. 

A  top  view  of  the  display  readout  geometry  is  illustrated  in  Fig.  4.  The  viewing  region  is 
located  30  cm  from  the  display  and  consists  of  16  virtual  viewing  slits,  each  of  which  is  approxi¬ 
mately  6  mm  wide.  Virtual  viewing  slits  -9  to  -2  correspond  to  left-eye  images,  and  slits  2-9  to 
right  eye  images.  When  a  set  of  eight  stereo  image  pairs  are  simultaneously  presented  on  the  dis¬ 
play,  a  3-D  scene  with  horizontal  motion  parallax  is  observable.  We  have  created  sequences  of 
such  stereo  image  pairs  such  that  real-time  motion  in  the  3-D  scene  is  achieved  at  video  frame 
rates.  We  use  a  monochrome  LCD  display  from  Kopin  Corporation,  which  allows  us  to  drive  the 
display  with  a  standard  VGA  signal  from  a  notebook  PC. 

We  have  recently  extended  the  above  display  to  full-color  viewing  using  a  technique  that 
is  analogous  to  rainbow  holography.  The  number  of  partial  pixels  per  display  pixel  is  increased 
by  a  factor  of  three  over  the  monochrome  version,  and  an  incoherent  white  light  source  is  used  to 
illuminate  the  display.  Each  partial  pixel  is  designed  to  diffract  a  specific  spectral  component  to 
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the  desired  virtual  viewing  slit.  Color  filters  are  not  required  to  implement  this  particular  design, 
although  such  filters  represent  an  alternate  path  to  achieving  full-color  displays. 

DOE'S 

Our  work  to-date  has  demonstrated  that  the  partial  pixel  3-D  architecture  does  indeed 
allow  the  realization  of  real-time  displays  that  are  functionally  equivalent  to  holographic  stereo¬ 
grams.  However,  there  are  a  number  of  critical  issues  to  be  addressed  in  significantly  scaling-up 
partial  pixel  architecture  displays  to  useful  sizes.  Several  of  these  issues  are  discussed  below. 

It  is  clear  that  future  partial  pixel  architecture  displays  will  require  LCD's  with  very  large 
numbers  of  pixels.  For  example,  the  3072  X  2048  pixel  display  currently  being  developed  by 
Xerox  would  allow  approximately  20  separate  2-D  images  to  be  displayed,  each  with  VGA  reso¬ 
lution.  For  higher  resolution  images  with  a  significant  degree  of  motion  parallax,  even  larger 
pixel  counts  are  needed. 

In  addition,  significant  advances  are  required  for  the  requisite  diffractive  optical  ele¬ 
ments.  For  example,  EXDE's  are  needed  with  deep  submicron  feature  sizes  over  large  areas  (i.e., 
11"  diagonal  or  larger  displays).  The  DOF's  also  need  to  incorporate  an  alternate  method  of 
defiiung  the  physical  size  of  the  virtual  viewing  slits.  Currently,  each  partial  pixel  architecture 
display  is  designed  such  that  diffraction  from  the  aperture  of  each  partial  pixel  is  used  to  form 
the  virtual  viewing  slits.  A  new  method  is  needed  to  create  a  significantly  taller  viewing  region 
in  order  to  greatly  enhance  the  size  of  the  region  from  which  the  display  can  be  viewed.  We  will 
describe  our  method  of  integrating  a  vertical  diffuser  function  with  the  individual  beam  steering 
gratings  for  each  partial  pixel,  and  analyze  the  expected  performance  and  potential  limitations  of 
such  structures  when  integrated  directly  with  LCD's. 
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Figure  1.  Geometry  of  the  partial  pixel  architec¬ 
ture. 


Figure  2,  Schematic  diagram  of  a  liquid  crystal  panel- 
based  partial  pixel  display 


Figure  3.  Schematic  diagram  of  a  LCD  pixel  and  corre¬ 
sponding  diffraction  grating. 


Figure  4.  Top  view  of  the  readout  geometry  for  the 
Kopin  LCD-based  partial  pixel  architecture  display. 
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Introduction 

Laser  radar  imaging  systems  often  require  the 
ability  to  accurately  point  the  transmitted  laser  beam 
as  well  as  the  ability  to  mix  the  return  light  with  a 
single  mode  receiver.  An  addressable  liquid  crystal 
phased  array  provides  the  precise  spatially  dependent 
phase  shifts  needed  to  achieve  such  beam  stability 
and  increased  ladar  heterodyne  mixing  efficiency. 
The  device  consists  of  a  layer  of  nematic  liquid 
crystals  sandwiched  between  two  substrates.  One 
substrate  is  uniformly  grounded,  while  the  other  is 
etched  with  narrow,  closely  spaced  individual  1-D 
electrodes.  The  liquid  crystals  underneath  a  given 
electrode  are  rotated  by  applying  an  appropriate 
voltage,  thus  generating  a  birefringent  phase  delay. 
Two  of  these  writable  one-dimensional  gratings  can 
be  cascaded  to  implement  two  dimensional  phase 
profiles. 

Common  Ground 


1-D  electrodes 


Figure  1.  Liquid  crystal  addressable  grating 

The  device  used  in  this  work  has  a  4  cm  by  4  cm 
clear  aperture,  an  80  pm  electrode  spacing  with  a  fill 
factor  of  unity,  and  an  achievable  phase  depth  of2n 
radians  for  1 .064  pm  light. 

Beam-Pointing  Stabilization 

This  device  was  originally  intended  to 
demonstrate  non-mechanical  agile  beam  steering 


Edward  A.  Watson 
Wright  Laboratory 
WL/AARI-2  Bldg.  622 
3109  P  Street 

Wright-Patterson  Air  Force  Base,  Ohio 

45433-7700 

513-255-4340 


through  the  use  of  “blazed”  phase  gratings;  active  beam 
stabilization  is  thus  a  natural  application  of  the  device’s 
capabilities.  Ideally,  beam  steering  is  achieved  by 
applying  a  linear  phase  ramp  across  the  device 
mimicking  the  presence  of  a  prism.  Unfortunately,  the 
response  time  of  the  liquid  crystals  precludes  the  use  of 
LC  layers  thick  enough  to  provide  deflections  greater 
than  a  few  millidegrees.  In  practice,  thinner  layers  are 
used,  and  the  prism  effect  is  achieved  by  resetting  the 
phase  ramp  after  every  27t  radians  of  phase  delay.  The 
phase  grating  behaves  like  a  true  blazed  grating,  with  the 
angle  of  beam  deflection  determined  by: 

;i 

sin  ^  =  — 

A 

where  A  is  the  phase  ramp  periodicity.  However,  unlike 
etched  blazed  gratings,  the  periodicity  here  may  be 
changed  by  altering  the  voltage  profile  across  the  device; 
a  beam  can  then  be  arbitrarily  steered  through  a  range  of 
angles  determined  by  the  device  electrode  spacing.  The 
device  used  in  this  experiment  has  an  80  pm  electrode 
spacing,  so  a  2n  phase  ramp  spanning  four  electrodes 
yields,  at  1.064  pm,  a  steering  angle  of  0.190°.  Clearly, 
a  device  with  this  electrode  spacing  cannot  be  used  for 
large  angle  beam  stabilization.  However,  since  the 
steering  angle  is  entirely  determined  by  the  electrode 
spacing,  a  beam  can  be  steered  to  smaller  angles  with 
remarkable  precision  and  repeatability.  Furthermore, 
similar  devices  have  been  produced  with  electrode 
spacings  sufficient  to  yield  steering  angles  of  up  to  five 
degrees^ 

Since  beam  deflection  with  these  devices  has  been 
previously  demonstrated,  the  question  is  not  if  they  can 
be  used  to  actively  stabilize  a  laser  beam,  but  how  well. 
The  response  time  of  the  liquid  crystals  and  the  required 
degree  of  beam  confinement  fundamentally  determine 
the  angular  disturbance  frequencies  for  which  the  device 
can  correct.  To  illustrate  this,  consider  the  following 
diagram  where  A  is  the  maximum  angular  perturbation,  5 
is  the  desired  beam  confinement,  and  position  ‘a’  is  the 
center  position. 
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As  the  angular  disturbance  deflects  the  beam  to  ‘b\ 
the  liquid  crystal  device  must  compensate  by 
applying  a  phase  grating  to  steer  the  beam  through  5 
back  to  the  center  position.  As  the  beam  wanders  to 
‘c\  the  device  must  compensate  with  an  additional 
angle  6,  making  the  entire  compensated  angle  25. 
Following  through  the  cyclic  sequence  ‘abc...e...a\ 
the  maximum  cyclic  frequency  able  to  be 
compensated  will  be: 


where  zj^c  is  the  response  time  of  the  liquid  crystals. 
Note  that  LC  device  cannot  continuously  compensate 
because  of  the  27i  grating  resets.  Although  this 
calculation  of fynax  is  approximate,  it  serves  to 
provide  an  order-of-magnitude  figure  for  the  range  of 
frequencies  over  which  stabilization  may  be 
achieved.  The  measured  response  time  of  the  grating 
device  of  interest  is  50  ms;  for  A/6=10,  this  yields 

Hz.  Given  this  estimate,  it  is  reasonable  to 
expect  stabilization  of  noise  bandwidths  on  the  order 
of  1-lOHz, 

To  determine  the  stabilization  performance  of 
the  device,  the  following  setup  is  used. 


Rotating  Fourier 

mirror  lens 


— y 

Imaging  Detector 

lens  array 


The  rotating  mirror  provides  angular  disturbances  for 
which  the  liquid  crystal  beam  steerer  (LCDS) 
compensates.  To  detect  such  small  angular 
movements,  an  imaging  lens  is  used  to  magnify  the 
Fourier  plane  of  the  first  lens  onto  the  detector  array. 
The  output  beam  location  is  continuously  recorded 
on  an  oscilloscope,  and  stored  for  processing. 

Initial  experiments  will  provide  a  user-defined 
angular  disturbance  sequence  to  both  the  rotating 
mirror  and  the  liquid  crystal  beam  steerer.  Later 
experiments  will  provide  the  beam  steerer  with 
corrupted  information,  simulating  motion  sensor 
inaccuracies.  Finally,  a  true  closed  loop  system  is 
constructed  where  beam  position  information  is 
provided  from  the  oscilloscope  to  the  beam  steerer. 


The  overall  beam  confinement  and  compensation 
bandwidth  of  all  three  systems  are  measured,  and  are 
shown  to  be  inversely  related. 

Increased  Coherent  Laser  Radar  Mixing  Efficiency 

Coherent  laser  radar  systems  are  generally  designed 
so  that  the  waist  of  the  transmitted  gaussian  beam  is  at 
the  exit  aperture  of  the  system;  that  is,  the  system  is 
focused  at  infinity.  Such  a  configuration  is  ideally  suited 
for  far-field  target  detection,  but  efficiency  decreases  for 
targets  in  the  near  field.  To  demonstrate  this  behavior, 
the  overall  heterodyne-detected  signal  from  a  resolved, 
perfectly  diffuse  speckle  target  is  investigated. 

Following  previous  works'^  ^  the  average  target  return 
power  obeys: 

^et  4et  ^  ^ 

where  is  the  intermediate  frequency  signal  current  out 
of  the  photodetector,  and  R  is  the  load  resistance  of  the 
detection  circuit,  presumably  an  oscilloscope.  The  IF 
signal  current  obeys  the  standard  target-plane  integral: 

L  (0  =  91  t[p, 

4 

where  9?  is  the  detector  responsivity,  T  is  the  random, 
complex  reflectivity  of  the  target,  is  the  transmitted 

beam  at  the  target,  and  is  the  complex  conjugate  of 

the  local  oscillator  field  back  propagated  to  the  target 
plane.  Assuming  the  local  oscillator  and  transmit  beams 
are  identical  gaussians  with  1/e^  intensity  radii  of  w^j  and 
phase  curvature  radii  R^^  aperture,  the  average 

signal  power  output  from  the  laser  radar  system  as  a 
function  of  target  distance  L  is: 

R^'Pl.0P,rans^[^] 

/’de.= 


Q  = 


1  1 

— I — 

L  R 


where  P^o  and  are  the  powers  of  the  local  oscillator 
and  transmitted  beams,  and  t  is  the  target  reflectivity. 

Note  that  if  the  radius  of  phase  curvature  of  the 
transmitted  Gaussian  beam  at  the  exit  aperture  satisfies 
R^3  =  -L,  then  Q=0,  and  the  average  power  detected  is  a 
maximum.  Since  this  condition,  R^^  =  -L,  corresponds  to 
a  geometric-optics  focus  at  a  distance  L  from  the  exit 
aperture,  the  system  exhibits  the  highest  efficiency  when 
the  transmitted  beam  is  geometrically  focused  at  the 
target.  Because  a  resolved,  perfectly  diffuse  target  has 
been  assumed,  the  total  amount  of  energy  incident  on  the 
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target  and  reflected  back  to  the  system  is  independent 
of  the  radius  of  curvature  of  the  Gaussian  beam  at  the 
exit  aperture,  and  so  the  term  Eh=(l+Q^)  can  be 
thought  of  as  the  heterodyne  mixing  efficiency  of  the 
system,  which  determines  the  percentage  of  the  light 
returned  from  the  target  that  is  mixed  with  the  local 
oscillator  to  produce  a  detectable  signal. 

For  an  adaptively  controlled  focus,  the  mixing 
efficiency  of  the  system  can,  in  principle,  be  100% 
for  any  target  distance,  while  a  fixed  system  focused 
at  infinity  decreases  in  the  manner  shown  in  Fig.  2. 


Mixing  Efficiency  vs.  Target  Distance 


L/Zea 

Figure  2.  Heterodyne  mixing  efficiency  for  adaptively  focused 
system  (dashed)  and  a  static  system  focused  at  infinity  (solid)  as  a 
function  of  normalized  target  distance  L/z^^a. 

Although,  the  mixing  efficiency  for  a  laser  radar 
focused  at  infinity  decreases  as  the  target  moves  into 
the  near  field,  the  total  energy  returned  to  the  system 
increases  as  1/L^,  so  that  overall  the  system  signal  is 
larger  for  closer  targets,  as  shown  in  Fig.  3. 


Output  Signal  Power  vs.  Target  Distance 


Figure  3.  Output  signal  power  of  an  adaptively  focused  system 
(dashed)  and  a  static  system  focused  at  infinity  (solid)  as  a  function 
of  normalized  target  distance  L/z^c^.  Relevant  parameters  are:  a  1 

mJ,  10  ns  pulse,  X=1.5  fim,  Wca=5  cm,  t=0.8,  91  =09  A/W. 

For  this  reason,  few  efforts  have  attempted  to 
adaptively  focus  the  transmitted  beam  on  the  target. 

If  the  end  goal  of  a  ladar  system  were  simply 
detection  -  is  a  target  present  or  not  -  then  a  fixed 
focus  system  is  sufficient  for  any  target  range. 


When  target  characterization  and  identification  are 
required,  then  the  returned  signal  will  be  separated  into 
different  spatial  bins.  Having  more  bins  allows  more 
spatial  information  to  be  extracted,  but  reduces  the  total 
energy  contained  in  each  bin,  eventually  power-limiting 
the  system. 

Since, 


^reti^ea 
PreliKa  = 


=  Eh 


A 


the  benefit  of  an  adaptive  focusing  lens  is  only 
substantial  for  target  ranges  For  typical  ladar 

systems,  Wea=5  cm  and  X=\,5  pm,  yielding  z°^=5.2  km. 
Achieving  a  focus  at  this  distance  requires  such  a  slight 
phase  curvature  that  the  phase  shift  at  the  1/e^  intensity 
point  is  only  X/6,  The  addressable  liquid  crystal  device, 
possessing  precise  voltage  controlled  phase  shifts,  is 
ideally  suited  for  this  task. 

Since  the  paraxial  lens  equation  will  be  well 
satisfied  for  the  target  distances  of  interest,  2-D  quadratic 
phase  curvatures  are  used  to  implement  focal  lengths 
from  about  7  km  to  about  5  m;  the  upper  limit  is 
determined  by  the  device  uniformity  and  phase 
quantization  levels  while  the  lower  limit  is  determined 
by  the  onset  of  spatial  aliasing  and  multiple  focus  spots, 
which  are  products  of  the  spatially  quantized  nature  of 
the  device.  Furthermore,  the  response  time  of  the  device 
(-'50  ms)  allows  the  system  to  switch  focal  lengths  in  just 
a  fraction  of  a  second. 

The  laboratory  setup  shown  below  is  used  to 
confirm  the  previously  discussed  theory,  and  to 
demonstrate  the  ability  of  the  liquid  crystal  device  to 
implement  very  long  focal  length  lenses. 
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Figure  4,  Laser  radar  system  setup  consisting  of  local  oscillator  (LO) 
beam,  transmitted  (T)  beam,  transmit/receive  (T/R)  switch, 
photodetector,  half-wave  plate,  magnifying  telescope,  liquid  crystal 
phase  profile  device,  and  demagnifying  telescope. 


The  second  telescope  is  aligned  for  demagnification 
so  that  the  critical  z®^^  distance  is  less  than  10  m, 
allowing  demonstration  within  a  closed  laboratory 
environment.  The  return  signal  power  as  a  function  of 
target  distance  for  both  a  static  and  dynamically  focused 
system  is  measured  and  compared  to  predicted  values. 


222  /  JTuC4-4 


Acknowledgments 

This  work  was  funded  and  supported  by 
Technology/Scientific  Services,  Inc.  and  the 
University  of  Dayton  Center  for  Electro-Optics. 
Special  thanks  to  Larry  Barnes,  Art  Serano,  Don 
Tomlinson,  and  Paul  McManamon  for  their 
respective  contributions. 

References 

1.  P.  F.  McManamon,  E.  A.  Watson,  T.  A. 

Dorschner,  and  L.  J.  Barnes,  “Applications  look  at 
the  use  of  liquid  crystal  writable  gratings  for 
steering  passive  radiation,”  Opt.  Eng.  32(1 1), 
2657-2664(1993). 

2.  T.A.  Dorschner,  R.  C.  Sharp,  D.  P.  Resler,  L.  J. 
Friedman,  D.  C.  Hobbs,  R.  L.  Chandler,  and  A. 
Legere,  Basic  Laser  Beam  Agility  Techniques 
(BATS),  final  report  by  Raytheon  Co.  prepared  for 
Wright  Laboratory  WL-TR-93-1020  (1993). 

3.  P.  F.  McManamon,  T.  A.  Dorschner,  D.  C. 

Corkum,  L.  J.  Friedman,  D.  S.  Hobbs,  M.  K.  O. 
Holz,  S.  Liberman,  H.  Ngyuyen,  S.  P.  Resler,  R.  C. 
Sharp,  and  E.  A.  Watson,  “Optical  Phased  Array 
Technology,”  Manuscript  submitted  for  publication 
in  Proceedings  of  the  IEEE  (Special  Issue  on  Laser 
Radar)  February  1996. 

4.  J.  H.  Shapiro,  B.  A.  Capron,  and  R.  C.  Harney, 
“Imaging  and  Target  Detection  with  a  Heterodyne- 
Reception  Optical  Radar,”  Appl  Opt.  20,  3292- 
3313  (1981). 

5.  D.  K.  Jacob,  “Optical  Waveguide  Mixing  for 
Coherent  Ladar  Carrier  to  Noise  Ratio 
Optimization,”  M.S.  Thesis,  University  of  Dayton 
(1994). 


JTuC5-l  /  223 


Programmable  Wavefront  Generation  with  Two 
Binary  Phase  Spatial  Light  Modulators 

Guoguang  Yang  and  Seth  Broomfield 

Department  of  Engineering  Science,  University  of  Oxford 
Oxford,  0X1  3PJ,  UK 


In  this  paper  we  propose  a  programmable  wavefront  generation  system  using  two  binary  phase 
spatial  light  modulators  (BPSLMs).  The  output  of  the  binary  phase  hologram  has  inversion  sym¬ 
metry  and  is  restricted  to  be  space-invariant,  if  the  output  of  the  hologram 
is  viewed  in  the  Fourier  plane  of  a  lens.  Inversion  symmetry  may  be  broken  by  introducing  a 
fixed  binary  phase  hologram  [  1 ,2]  but  in  this  case  diffraction  efficiency  rid  is  not  increased.  Alter¬ 
natively,  an  asymmetric  output  may  be  generated  by  increasing  the  number  of  phase  levels  [3]. 
Results  obtained  in  this  way  increase  T)d  but  the  output  remains  space-invariant. 

It  has  been  pointed  out  by  Bartelt  [4]  and  Yang  [5,6]  that  the  restriction  of  space-invariance  can  be 
removed  by  effectively  cascading  two  phase  masks  in  two  Fourier-transforming  stages.  In  this 
paper  we  consider  a  similar  binary  phase  scheme  [6]  except  that  fixed  phase  holograms  are  re¬ 
placed  by  binary  phase  SLMs  and  the  design  method  to  achieve  a  given  wavefront  is  based  on 
simultaneous,  iterative  optimization  of  both  SLMs.  The  system  is  demonstrated  by  producing  an 
asymmetric  output.  Simulation  of  its  performance  as  areconfigurable  optical  interconnect  is  also 
presented.  Both  utilize  the  space-variant  performance  of  the  system. 


The  two  binary  phase  SLM  system  and  its  experimental  implementation 


The  system  is  shown  in  Fig  1 .  The  system  consists  of  two  cascaded  Fourier  transforms.  It  is  easy 
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Fig.  1 :  The  two  binary-phase  SLM  system. 


to  proof  that  the  system  is  a  space-variant  system.  This  is  to  be  contrasted  with  the  impulse  re¬ 
sponse  of  a  single  phase  SLM  system  which  is  a  space-invariant  system. 


Assume  the  input  function  is  a  point  at  xo=yo=0,  i-e.  the  complex  amplitude  of  its  Fourier  trans¬ 
form  c  1  (x  1  ,y  I )  =  1 .  Two  Fourier  transforms  are  performed  by  the  system.  The  system  characteris¬ 
tic  can  be  analyzed  according  to  the  Fourier  theorem.  Schemes  for  producing  outputs  with 
different  properties  using  this  system  are  shown  in  Table  1 .  It  indicates  that  all  wavefronts  with 
real  symmetric,  complex  Hermitian,  real  asymmetric  and  complex  asymmetric  properties  can  be 
generated  with  the  proposed  system  using  binary  phase  modulation. 


Scheme 

bi,  BPSLMl 

C2,  Input  of  b2 

b2,  BPSLM2 

a2,  Input  to  L2 

Output 

1 

real  and  even 
(symmetric) 

real  and  even 
(symmetric) 

real  and  even 
(symmetric) 

real  and  even 
(symmetric) 

real  and  even 
(symmetric) 

2 

real  and 
asymmetric 

complex  and 
Hermitian 

real  and  even 
(symmetric) 

complex  and 
hermitian 

real  and 
asymmetric 

3 

real  and  even 
(symmetric) 

real  and  even 
(symmetric) 

real  and 
asymmetric 

real  and 
asymmetric 

complex  and 
Hermitian 

4 

real  and 
asymmetric 

complex  and 
Hermitian 

real  and 
asymmetric 

complex  and 
asymmetric 

complex  and 
asymmetric 

Table  1.  The  configuration  schemes  of  two  binary  phase  SLM  systems 


In  the  general  two  dimensional  case,  to  achieve  a  space-variant  operation  from  an  input  wave- 
front  specified  by  sampled  values  to  an  output  wavefront  specified  by  sampled  values,  the 
number  of  sampling  points  of  the  transform  matrix  which  is  represented  by  a  hologram  with  am¬ 
plitude  and  phase  modulation  should  equal  to  N^xN^.  The  complex  transmission  values  of  the 
BPSLMs  are  only  1  and  -1 ,  however.  This  restricts  the  wavefront  transforms  which  the  system 
can  achieve.  In  general  it  is  impossible  to  find  the  exact  solution  for  large  N.  An  optimisation 
algorithm  has  to  be  used  to  find  the  closest  approximate  solution.  Therefore,  in  the  sense  of  an 
approximate  solution,  general  transformations  with  binary  phase  SLMs  can  still  be  achieved. 

In  order  to  demonstrate  the  system  performance,  several  patterns  shown  in  Fig.2  are  selected  as 
the  target  functions  for  the  calculation.  To  provide  a  comparison,  most  of  the  patterns  are  the 
asymmetric  patterns  used  in  references  [1,2].  The  direct  binary  search  algorithm  is  used  in  the 
design.  Simulation  results  for  the  target  patterns  of  Fig.2  are  given  in  Table  2  in  which  the  non- 
uniformity  of  the  output  is  defined  as  NU  —  ( Imax  Imin)  ^max  "^Imin)-  This  shows  that  about  V5% 
efficiency  is  obtained  by  using  the  two  BPSLM  system  with  128x128  pixels  for  generating  the 
patterns.  This  is  a  remarkable  increase  over  the  results  obtained  with  a  single  BPSLM  which  are 
shown  for  comparison  in  table  2.  This  comparison  shows  that  not  only  is  the  diffraction  efficiency 
higher,  but  the  uniformity  is  improved  with  the  two  BPSLM  system. 

In  the  experimental  system  the  binary  phase  SLM  is  created  by  placing  a  ferro-electric  liquid 
crystal  (FLC)  SLM  between  crossed  linear  polarizers  as  described  in  [7].  The  calculated  designs 
are  loaded  to  the  two  SLMs  from  a  computer.  The  asymmetric  pattern  shown  in  Fig.  2.(e)  is  gen¬ 
erated  in  the  experiment.  Fig.4  is  the  experimental  output  when  the  optimized  binary  phase  pat¬ 
terns  shown  in  Fig.5  are  loaded  on  the  two  SLMs.  Black  and  white  in  Fig. 5  correspond  to  0  and  it 
phase  shift.  The  measured  efficiency  is  58%  with  6%  non-uniformity.  The  diffraction  efficiency 
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of  the  experiment  is  lower  than  the  theoretical  prediction.  This  is  due  to  the  aberration  of  the 
optical  system  and  not  including  the  diffraction  effect  in  the  optimization  process. 
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b.  ''  c. 

Fig.2  The  target  patterns  for  simulation. 
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Target  pattern 

calculated  rid  (%) 

calculated  NU(%) 

compared  r\^  {%) 

compared  NU(%) 

a 

81.2 

b 

81.6 

c 

73.8 

3.2 

41.1  in  [3] 

7.3  in  [3] 

d 

76.2 

0.5 

40.4  in  [3] 

3.0  in  [3] 

e 

75.0 

1.0 

40.0  in  [2] 

Table  2.  The  simulation  results  and  comparison 


The  programmable  one-to-one  optical  interconnection  system  using  two  BPST.M.s 

A  typical  example  for  which  shift  variant  performance  is  the  programmable  optical  crossbar  one- 
to-one  interconnection  system.  Most  of  proposed  schemes  suffer  from  the  drawback  of  low  effi¬ 
ciency  and  large  spot  size.  Our  system  with  two  BPSLMs  can  achieve  high  diffraction  efficiency 
with  diffraction-limited  spot  size.  For  simplicity,  we  shall  discuss  that  N 1 D  light  sources  are  con¬ 
nected  to  N  ID  detectors  with  one-to-one  connectivity.  In  order  to  realize  the  interconnection 
operation,  sampling  number  of  has  to  be  employed  in  each  SLM.  The  intensity  input  Cq  and 
desired  output  At  matrices  for  N=4  in  our  simulation  are  taken  to  be 


Fig.4  The  experimental  output  pattern  created  Fig.5  SLM  arrays  used  to  create  asymmetric  output 
by  the  cascaded  SLM  system. 
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The  system  connects  the  first  light  source  to  the  first  detector,  the  second  to  the  third,  the  third  to 
the  fourth  and  the  fourth  to  the  second.  According  to  the  design  procedure  discussed  above,  the 
optimized  actual  output  for  N=4  is 


[^  actual 


'  0.816  0.074  0.105  0.002  " 
0.080  0.016  0.758  0.175 
0.005  0.036  0.245  0.767 
0.055  0.750  0.110  0.065 


(2) 


The  results  show  that  high  efficiency  can  also  be  achieved  with  the  two  BPSLM  system  used  for 
optical  interconnection.  It  is  independent  of  the  dimension  of  the  interconnection.  As  for  imple¬ 
menting  crossbar  switching  by  using  a  multiple  facet  hologram  the  main  drawback  of  the  scheme 
is  that  it  is  not  difficult  to  obtain  a  small  spot  size  in  order  to  efficiently  couple  light  into  a  fibre  as 
the  full  aperture  is  used  for  all  inputs,  instead  of  using  a  facet  hologram.  These  make  the  scheme 
attractive  for  interconecting  between  a  large  number  of  nodes  with  programmable  capability. 

The  crosstalk  in  the  system  is  still  high,  about  20%.  If  the  signal  to  be  interconnected  is  binary,  a 
threshold  detector  might  be  used  to  suppress  the  cross-talk.  However,  the  required  computation 
time  in  optimising  the  system  is  considerably  longer  than  the  time  required  for  a  single  binary 
phase  hologram.  The  optimisition  of  the  two  SLM  system  takes  several  hours  run  on  a  Convex 
machine  which  is  a  parallel  processing  high  speed  computer. 

Conclusions 

We  conclude  that  the  programmable  wavefront  generation  system  with  two  binary  phase  SLMs 
is  a  high  diffraction  efficiency  and  space-variant  system.  The  amplitude  and  phase  of  a  wavefront 
can  be  modulated  with  the  system.  It  is  experimentally  implemented  by  two  FLC  SLMs.  The  ex¬ 
perimental  results  are  consistent  with  the  theoretical  prediction.  A  programmable  optical  cross¬ 
bar  interconnection  system  can  also  be  based  on  the  two  BPSLM  scheme. 
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A  Rogues’  Gallery  of  CGH  Null  Tests 
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CGH  null  testing  of  aspheric  optics  was  first  demonstrated  by  MacGovern  and  Wyant  in 
1971  but  has  only  recently  become  available  as  a  commercial  product.  This  talk  describes 
variety  of  CGH  null  test  configurations  using  both  commercial  and  customized 
interferometers.  Several  of  the  aspheres  and  their  associated  CGH  nulls  will  be  shown  to 
exhibit  various  pathological  traits. 
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1  Introduction 

One  of  the  most  common  tasks  in  beam  shaping  is  the  transformation  of  a  Gaussian 
laser  beam  into  a  uniform  far-field  distribution.  We  present  both  non-periodic  and 
periodic  resonance-region  structures  that  convert  a  narrow  beam  (waist  size  of  the 
order  of  the  wavelength)  into  a  nearly  flat-top  distribution  over  a  wide  angular  range. 


2  Theoretical  model  for  index  modulated  apertures 


Consider  the  structure  shown  in  Fig.  1.  The  space  is  divided  into  three  regions, 
of  which  regions  I  (half-space  z  <  0)  and  III  (half-space  z  >  h)  are  assumed  dielectric 
and  homogeneous  with  refractive  indices  ni  and  nni,  respectively.  The  intermediate 
region  11  (0  <  z  <  /i),  however,  is  modulated  such  that  it  has  a  perfect  conductivity 
when  a;  <  0  or  X  >  c,  and  dielectric  with  n{x)  =  ni  when  Xi  <  x  <  xi+i,  I  =  1,...,L 
(xi  =  0  and  xl+i  =  c).  Diffraction  by  this  refractive  index  modulated  aperture 
can  be  treated  in  much  the  same  manner  as  in  Ref.[l],  where  periodic  structures  are 
considered.  Consider  first  TM-poIarization,  i.e.,  the  only  non-vanishing  component  of 
the  magnetic  field  vector  is  Hy.  In  region  I  (z  <  0)  the  solution  of  the  Helmholtz 
equation  is  of  the  form 

^OO  ^oo 

A{o:)exp{j[ax  +  r{a)z]}da+  R{a)  exp{j[ax  -  r{a)z]}da  ,  (1) 

J —oo  J—oo  ^ 


where  A{a)  is  the  angular  spectrum  of  the  incident  field,  R{a)  represents  the  unknown 
angular  spectrum  of  the  diffracted  field  in  the  region  I,  and 


r{a)  — 


[(/cni)^  -  if  |q!|  <  krii 

j[a^  —  {kniYYl'^  otherwise 


(2) 


region  ill 


region  II 


region  I  0  X2 


Xi  c 


Figure  1;  A  lamellar  dielectric  diffractive  structure  inside  an  aperture  in  a  perfectly 
conducting  screen,  illuminated  by  an  arbitrary  two-dimensional  electromagnetic  wave. 
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where  k  =  2n/X,  and  A  is  the  vacuum  wavelength.  Similarly,  in  region  III  {z  >  h) 

z)  =  f  T{a)  exp{^[Q;x  +  t{a){z  -  h)]}da  ,  (3) 

^  J-OO 

where  T{a)  is  the  unknown  angular  spectrum  of  the  diffracted  field  in  this  region  and 


/  [{knmf  -  if  ja]  <  kni 

^  1  “  (A:niii)^]^/^  otherwise 


(4) 


The  field  z)  is  expressed  as  a  superposition  of  eigenmodes  of  the  refractive  index 

modulated  aperture,  which  form  a  discrete  set  because  ot  the  perfectly  conducting 
boundaries  of  the  aperture  at  x  =  0  and  x  —  c. 


00  . 

m=l 


(5) 


where  7m  is  the  eigenvalue  of  the  eigenmode  Xm(x).  These  are  found  by  applying  the 
theory  of  stratified  media  to  connect  the  fields  Hy  and  at  x  =  0  and  x  =  c,  and 
the  fact  that  must  vanish  at  perfectly  conducting  boundaries.  Either  the  exact 
eigenmodes  may  be  used  as  in  Ref.[l],  which  leads  to  an  algebraic  eigenvalue  equation, 
or  the  eigenvalues  may  be  expressed  as  superpositions  of  orthogonal  polymomials  [2], 
which  leads  to  a  matrix  eigenvalue  equation.  In  Eq.  (5)  Om  and  are  constants  that 
are  finally  solved  from  the  boundary  conditions  at  z  =  0  and  z  =  h.  Once  this  is  done, 
the  unknown  angular  spectra  R{a)  and  r(Q!)  are  obtained  from 


R[a)  =  A{a) - 7^^  Imiflm  — 

r[a)  I'K 


„2  1  OO 

T{a)  =  E  -  hm)Im{a)  , 

t(a)  271,^1 


where  Im{o>)  is  the  angular  spectrum  of  the  mth  mode.  In  the  case  of  TE-polarization 
we  consider  E^^{x,z)  instead  of  H^^{x,z).  Furthermore,  Eqs.  (6)  and  (7)  lose  the 
factors  nf/r(a)  and  n?„/t(a).  Finally  the  far  field  distribution  may  be  expressed  by 
means  of  radiant  intensity  as  is  customary  in  physical  radiometry: 


=  f-— 1  (^nni)^cos^0iiilT(fcninsin0iii)|^  ,  (8) 

Vweiii/ 

where  6>iii  denotes  the  angle  with  respect  to  z-axis.  In  TE-polarization,  the  first  factor 
in  Eq.  (8)  is  replaced  by  (Tr/wyLim). 


3  Theoretical  model  for  periodic  structures 

Diffraction  of  a  plane  wave  by  a  periodic  dielctric  structure  can  be  treated  by 
rigorous  grating  theory,  using  for  example  Knop’s  model  [3].  When  dealing  with 
Gaussian  beams,  the  angular  spectrum  representation  is  used,  A{a)  is  sampled,  the 
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Figure  2:  The  radiant  intensities  in  diffraction  of  a  Gaussian  beam  from  a  single 
groove.  The  half  width  of  the  illuminating  beam  waist  is  1.18A  and  the  groove  width 
is  1.75A.  The  best  groove  depths  are  h  =  0.67A  for  TE-polarization  (continuous  line), 
h  =  0.72A  for  TM-polarization  (dashed  line)  and  h  =  0.63A  for  the  grating  solution  in 
TE-polarization  (dash-dotted  line). 


grating  diffraction  problem  is  solved  for  each  plane  wave  component  separately,  and 
the  results  are  then  summed  up  coherently  for  the  reflected  and  transmitted  fields.  If 
the  beam  waist  is  narrower  than  the  grating  period,  no  discrete  diffraction  orders  are 
observed,  and  continuous  beam  shaping  becomes  possible. 

4  Numerical  results 

To  compare  these  two  methods  we  designed  elements  which  convert  a  Gaussian 
beam  of  1/e^  half-width  1.18A  into  a  flat-top  distribution  of  opening  angle  33“.  For  the 
binary  grating  we  know  that  most  of  the  incoming  energy  is  diffracted  into  diffraction 
orders  p  =  0  and  p  =  ±1.  The  relative  intensities  of  these  orders  depend  on  the  relief 
height  h.  It  therefore  appears  reasonable  to  assume  that  also  most  of  the  energy  of  the 
diffracted  Gaussian  beam  might  fall  between  the  first  order  diffraction  angles.  For  a 
normally  incident  plane  wave  we  can  solve  from  the  grating  equation  sin^ni  =  pA/A, 
the  grating  period  A,  which  gives  diffraction  angles  ~  ±16.5°  for  the  first  diffraction 
orders  p  =  ±1:  we  get  A  =  3.5A.  The  only  free  parameter  is  now  the  relief  height 
h  of  the  binary  grating.  By  varying  this  height  we  can  adjust  the  efficiencies  of  the 
diffraction  orders,  which  has  a  direct  effect  in  the  flatness  of  the  farfield  distribution. 
(We  note,  however,  that  the  simple  convolution  model  of  Fraunhofer  diffraction  is 
not  valid  in  the  resonance  region.)  If  we  aim  the  Gaussian  beam  into  the  groove  of 
the  grating,  we  find  out  that  a  suitable  relief  height  is  h  =  0.63A;  see  Fig.  2,  dash- 
dotted  line.  In  the  analysis  we  used  TE-polarized  light  and  refractive  indices  nj  =  1.5, 
J^iii  =  1,  and  n  ==  1.5  for  the  grating  material.  We  analyzed  this  same  structure  with 
the  method  described  in  Sec.  2.  We  selected  value  c  =  7A  and  placed  a  groove  of  width 
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Figure  3;  Radiant  intensities  when  the  Gaussian  beam  (same  as  in  Fig.  2)  is  diffracted 
from  a  single  ridge.  The  ridge  height  is  0.81A  for  TE-polarization  (continuous  line) 
and  0.80 A  in  TM-polarization  (dashed  line). 


1.75A  in  the  middle  of  the  aperture.  Because  the  aperture  is  wide  compared  to  the 
incident  beam  we  can  assume  that  the  perfectly  conducting  walls  have  little  effect.  For 
TE-polarization  we  find  that  the  best  groove  depth  is  h  =  0.67A.  For  TM-polarization 
we  find  that  the  best  flatness  is  achieved  when  h  =  0.72A.  The  radiant  intensities 
for  diffraction  by  the  groove  are  presented  in  Fig.  2  as  continuous  and  dashed  lines 
for  TE-  and  TM-polarizations,  respectively.  We  notice  that,  although  the  structure 
is  non-periodic,  we  still  can  recognize  three  tops  comparable  to  the  solution  for  the 
grating  (dash-dotted  line). 

For  the  ridge  we  find  h  =  0.81A  and  h  =  0.80A  for  TE-  and  TM-polarizations, 
respectively  (see  Fig.  3).  It  is  remarkable  in  Fig.  3  that  the  radiant  intensity  is  almost 
constant  throughout  the  flat-top  region  for  TM-polarization.  Furthermore,  this  ridge 
solution  works  with  almost  the  same  relief  height  for  both  polarizations. 
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1.  Introduction 

Diffractive  lenses  are  key  elements  in  a  large  variety  of  optical  systems.  In  hybrid  refrac¬ 
tive/diffractive  optical  systems  they  are  used  as  powerful  elements  for  aberration  correction.  Other  appli¬ 
cations,  such  as  fiber  coupling  and  optoelectronic  devices,  benefit  from  the  fact  that  diffractive  structures 
are  thin  and  lightweight,  enabling  very  compact  systems.  In  addition,  low-cost  replication  processes  with 
a  high  profile  fidelity  make  the  use  of  diffractive  lenses  in  prototype  systems  as  well  as  in  volume  produc¬ 
tion  very  attractive. 

Diffractive  phase  elements  can  be  fabricated  by  either  a  series  of  photolithographic  processes  that  ap¬ 
proximate  the  surface  relief  with  a  multilevel  structure  (binary  optics)  or  by  direct  write  technologies, 
such  as  single-point  laser  beam  writing  in  photoresist  [1]  and  single-point  diamond  turning  [2].  In  con¬ 
trast  to  the  multimask  and  etch  process,  these  two  fabrication  methods  require  a  single  fabrication  step 
and  are  capable  of  generating  the  continuous  surface-relief  profiles  required  to  achieve  high  (>  90%) 
diffraction  efficiencies. 

In  this  paper  we  describe  the  design,  the  fabrication  and  the  optical  characterization  of  an  F/2  diffrac¬ 
tive  lens  for  a  fiber  coupling  application.  The  measured  diffraction  efficiencies  are  compared  to  rigorous 
electromagnetic  calculations  and  results  obtained  with  a  simple  and  fast  algorithm  based  on  phase-sensi¬ 
tive  ray  tracing.  The  replicated  elements  show  an  excellent  profile  fidelity  and  high  efficiency. 


2.  Design  and  fabrication  of  high- 

NA  fiber  coupling  lens 

The  optical  setup  of  the  fiber  coup¬ 
ling  system  is  shown  in  Fig.  1.  The 
diffractive  lenses  are  replicated  on  both 
sides  of  a  fused  silica  substrate.  Both 
lenses  have  a  focal  length  of  /=  10  mm 
and  a  diameterD  =  5  mm,  resulting  in  a 
numerical  aperture  of  NA  =  0.24.  The 
aspheric  wavefront  represented  by 
diffractive  lenses  can  be  written  as 


4  Pi 

r 

f 


-withA=-|,^2=-^.i33=-^. 


(1) 


■pie  design  wavelength  Xq  is  1.55  pm.  The  required  phase  shift  <j)(r)  for  scalar  diffraction  theory  is  real¬ 
ized  by  a  surface  relief  profile  d(r)  in  a  substrate  of  refractive  index  n(2o)  given  by 

The  parameter  m  denotes  the  blaze  order  of  the  lens  and  determines  the  width  and  depth  of  the  zones. 
Using  Eqs.  (1)  and  (2),  the  minimum  zone  width  Amin  and  the  scalar  zone  depth  d^c  can  be  calculated  by 

^min  ='2wiA-//#  and 
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respectively.  (3) 
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m=2;  Design 


/m  =2,  peak  at  1 550.0  nm 
( design  wavelength) 

m'=3,peakat  1040.5  nm 
m'=4,  peak  at  788.9  nm 
■.m‘=5,  peak  at  637.6  nm 
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Fig.  2.  Efficiency  in  different  diffraction  orders  as  a  function  of  the 
illumination  wavelength  for  replicated  F/2  diffractive  lens. 


For  multimask  fabrication  tech-  ^  I  j  'i  f  / 

niques,  a  lens  of  order  m>  1  re-  ^  cn  ■*  ‘i  •'  *'  ■'  \  “2,  peak  at  1  550.0  nm 

quires  m  times  as  many  masks  g'  I  ‘jj  'i  j  j  ( design  wavelength) 
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equivalent  first-order  lens.  In  S  20  -  [  *  \  /  *'-ni‘=5,  peak  at  637.6  nm 

contrast,  direct-write  fabrication  i'  '  t  /  \  J 

methods  can  profit  from  the  inter-  ^ 

esting  optical  properties  of  higher  400  600  800  1000  1200  1400  1600 

order  lenses  [3]  without  imposing  k  i^ry.\ 

additional  fabrication  problems.  .  .  .  ^  Att  J  a  ft'  fth 

Moreover,  the  wider  but  deeper  F>g-  2'  Efficiency  in  different  diffraction  orders  as  a  function  of  the 

zones  of  lenses  with  m  >  1  are  illumination  wavelength  Xi  for  replicated  F/2  diffractive  lens, 
more  adapted  for  the  resolution 

achievable  by  the  fabrication  with  a  laser  beam  [4]  or  a  diamond  tool  with  a  finite  tip  size. 

For  the  diffractive  lens  presented  here,  m  =  2  was  chosen,  leading  to  a  minimum  zone  width  Aj^in  of 
12.8  pm  and  a  depth  of  dsc  =  5.73  pm.  An  analysis  in  the  paraxial  domain  shows  that  the  lens  efficiency 
in  the  diffraction  order  m'  as  a  function  of  the  wavelength  is  given  by  [5] 

77„j,(A,)  =  sinc^(apm-m').  (5) 

The  parameter  p  describes  a  potential  profile  depth  error  and 

a  =  (6) 

quantifies  the  phase  delay  for  an  illumination  wavelength  differing  from  the  design  wavelength  Xq. 
The  plot  of  Eq.  (5)  in  Fig.  2  reveals  that  a  lens  designed  for  Xo  =  1.55  pm  and  m  =  2  has  an  efficiency 
maximum  in  the  5th  diffraction  order  for  Xj  ~  0.64  pm.  Therefore,  the  optical  properties  of  the  replicated 
near-IR  diffractive  fiber  coupling  lenses  can  be  tested  with  a  HeNe  laser. 

The  master  surface  used  for  replication  was  generated  using  single-point  diamond  turning  tech¬ 
niques.  Diamond  turning  is  a  mature  tech¬ 
nology  that  provides  the  ability  to  generate  — 

robust  metal  master  surfaces,  which  are  es¬ 
sential  for  repeated  replication  cycles.  By 
utilizing  a  well-behaved  diamond  turning 
machine,  a  correctly  sculpted  diamond 
tool,  and  classical  grating  replication 
techniques,  high  fidelity  diffractive  ele¬ 
ments  can  be  fabricated  [6].  An  SEM 
cross-sectional  view  of  a  replicated  F/2 
fiber-coupling  lens  is  shown  in  Fig.  3. 

One  notes  that  the  relatively  small  features 
exhibit  exceptional  fidelity,  sharp  zone 
transitions  and  smooth  surface  profiles. 

The  measured  surface  roughness  in  the 
central  zone  is  approximately  45  A  rms 
[7].  The  ability  to  sculpt  the  diamond  tool 
provides  the  means  to  achieve  the  remark¬ 
ably  steep  sidewalls  of  the  zone  transi-  „.  ,  nf  .  Hi.mnnH-tnmeH  rllffrac- 


differing  from  the  design  wavelength  Xq. 


Fig.  3.  SEM  picture  of  a  replicated  diamond-turned  diffrac¬ 
tive  lens  with  NA  =  0.2^ 
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tions,  which  are  critical  for  obtaining  high  diffraction  efficiency  [8]. 


3.  Diffraction  efficiency  of  high-NA  diffractive  lenses 

The  surface-relief  profile  of  a  diffractive  lens  locally  acts  as  a  blazed  grating  to  which  we  will  apply 
theoretical  models.  Scalar  theory,  Eqs.  (1)  -  (5),  leads  to  accurate  results  as  long  as  the  ratio  between  the 
local  grating  period  A  and  the  wavelength  satisfies  MniK  »  1  [9].  Since  the  F/2  lens  described  in  this  pa¬ 
per  is  on  the  border  line  of  the  validity  of  scalar  theory,  rigorous  electromagnetic  theory  has  to  be  applied 
to  calculate  accurate  theoretical  diffraction  efficiencies.  Since  these  rigorous  calculations  are  usually 
computation  intensive,  we  applied  a  refined  scalar  theory  that  leads  to  remarkably  accurate  results  in  short 
computation  times  [5]. 

Besides  neglecting  polarization  effects,  scalar  design  methods  calculate  the  phase  shift  of  a  diffrac¬ 
tive  element  given  in  Eq.  (1)  in  an  infinitely  thin  plane.  In  the  ray  tracing  method,  also  referred  to  as  the 
"extended  scalar  theory"  by  Swanson  [10],  some  of  the  effects  of  the  finite  thiclaiess  of  the  grating  are 
taken  into  account.  The  finite  grating  thickness  is  treated  by  tracing  an  array  of  rays  through  the  grating 
structure  and  calculating  their  position  and  optical  phase  in  a  tangential  grating  plane  a  as  shown  in 
Fig.  4.  Each  intersection  point  in  the  plane  <j  is  regarded  as  an  ideal  point  source  in  the  sense  of  the 
Huygens-Fresnel  principle.  Depending  on  the  distance  to  the  observation  plane,  Rayleigh-Sonmierfeld, 
Fresnel  or  Fraunhofer  diffraction  equations  are  used  to  determine  the  amplitude  and  phase  distributions. 

For  perfectly  blazed  gratings,  this  algorithm  predicts  the  highest  diffraction  efficiency  for  a  grating 
depth  dft  that  is  shallower  than  dsc- 

,  mX 

^rt  ~  /  2  \  ^  >  (2) 

n\X)-cosd„ 


where  the  angle  6tn  is  given  by  the  grating  equation: 


sin6»„ 


mX 


(8) 


Moreover,  it  can  be  shown  that  due  to  the  so-called  "shadowing  effect"  (cf.  Fig.  4)  in  the  tangential  grat¬ 
ing  plane  o,  a  maximum  diffraction  efficiency  of 


,  with  A'  =  A(l-fi?,p,tane„) 


(9) 


can  be  obtained.  As  will  be  shown  in  the  next  Section,  these  results  correspond  well  with  values  obtained 
with  a  rigorous  integral  formalism  [11].  Aside  from  giving  an  estimate  of  the  diffraction  efficiency  at 
small  grating  periods,  the  most  valuable  benefit  of  the  ray  tracing  algorithm  is  that  the  effects  of  small 
fabrication  errors  (e.g.  originating  from  the  diamond  tool  geometry  or  firom  overlaying  Gaussian  beams  in 
direct  laser  beam  writing)  can  be  estimated  with  little  additional  computational  effort. 

The  extended  scalar  theory  predicts  a  maximum  diffraction  efficiency  of  (rjit)^  for  the  case  of  multi¬ 
level  blazed  gratings  [10].  Using  ray  tracing  arguments,  this  reduction  of  the  classical  scalar  theory  value 

can  be  explained  by  additional  shadowing  at  each 
facet  of  the  multilevel  stmcture. 


4.  Theoretical  and  experimental  results  for 

F/2  fiber  coupling  lens 

We  have  compared  the  results  for  perfectly 
blazed  gratings  from  the  ray  tracing  algorithm  and 
the  rigorous  integral  formalism.  The  grating  pe¬ 
riod  modelled  was  chosen  to  be  A  =  12.78  |im, 
corresponding  to  the  minimum  zone  size  of  the 
fabricated  F/2  lens  with  m'  =  5,  see  Eq.  (3).  Both 
models  obtained  an  optimum  profile  depth  of 
drt  =5.38  pm.  The  zone  depth  of  the  fabricated 


Fig.  4.  Ray  tracing  through  diffractive  surface-relief 
stmctures. 
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lens  was  kept  at  a  constant  value  of 
dsc  =  5.73  |xm  over  the  whole  clear  aperture. 

Therefore,  the  profile  ended  up  too  deep  by  a 
factor  of  |l  «  1.07  for  the  smallest  zones.  From 
Eq.  (5),  one  notes  that  the  resulting  reduction 
in  the  diffraction  efficiency  is  more  severe  in 
the  5th  diffraction  order  where  the  lens  is 
tested  than  in  the  2nd  order  for  which  the  lens 
is  designed.  Nevertheless,  we  will  present  results  for  diffractive  lenses  with  locally  varying  zone  depths 
according  to  Eq.  (7).  The  diffraction  efficiencies  obtained  by  rigorous  calculations  and  the  ray  tracing  al¬ 
gorithm  are  listed  in  Table  1.  All  values  are  normalized  to  the  total  transmitted  energy.  The  ray  tracing 
results  illustrate  good  agreement  with  the  rigorous  vector  diffraction  results. 

Knowing  the  geometry  of  the  diamond  tip  and  the  diamond  turning  machine's  fabrication  data,  the 
shape  of  the  fabricated  surface  relief  profile  can  be  calculated.  Even  for  the  smallest  zone  sizes  of 
12.8  pm,  the  ray  tracing  algorithm  predicts  a  loss  of  less  than  3%  due  to  the  finite  tool  size.  This  is  not 
unexpected  considering  the  excellent  profile  fidelity  illustrated  in  Fig.  3. 

The  diffraction  efficiency  of  the  replicated  lenses  at  different  radii  was  measured  by  illumination 
with  a  HeNe  laser  beam  (A,i  =  0.6328  pm)  through  a  pinhole  with  a  diameter  of  110  pm.  For  a  local 
grating  period  of  A  ==  13.5  pm  an  efficiency  of  1)5  =  64%  was  obtained,  at  A  «  19  pm  a  value  of  T)  =  85% 
was  measured.  Both  measurements  show  a  good  coincidence  with  the  theoretical  results.  The  local 
diffraction  efficiency  rises  well  above  90-95%  for  zones  with  A  >  25  pm.  The  wavefront  performance  of 
the  fiber  coupler  was  interferometrically  tested  to  be  less  than  a  quarter  of  a  wave  at  =  0.6328  pm. 
This  corresponds  to  less  than  X/ 10  for  the  design  wavelength  of  Xq  =  1.55  pm. 

5.  Conclusions 

A  pair  of  F/2  diffractive  lenses  is  used  in  a  fiber  coupling  application.  Designing  the  lenses  for  the 
second  diffraction  order  in  the  near-IR  allowed  their  testing  with  a  HeNe  laser.  The  fabrication  by  single¬ 
point  diamond  turning  and  subsequent  replication  resulted  in  an  excellent  fidelity  of  the  surface  relief 
profile  and  high  diffraction  efficiencies.  A  ray  tracing  algorithm  developed  for  fast  estimation  of  the  effi¬ 
ciencies  of  small  zones  proved  good  agreement  with  rigorous  vector  theory. 
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Table  1.  Theoretical  diffraction  efficiencies  for  blazed 
gratings  with  A  =  12.78  pm  at  different  profile  depths. 

profile 

depth 

m  =  2,  A^O 

rigorous 

=  1.55  |im 
ray  tracing 

m'  =  5,  A.1  = 
rigorous 

=  0,6328  |Lim 
ray  tracing 

538  |xm 

90.4% 

85.8% 

90.5% 

5.73  [im. 

81.0% 

85.6% 

63.0% 

62.4% 

DTuD4-l  /  237 


Pseudorandom  Encoding  of  Fully  Complex  Modulation  to  Bi- Amplitude  Phase  Modulators 

Robert  W.  Cohn  and  Wenyao  Liu 

University  of  Louisville,  Electrical  Engineering  Dept.,  Louisville,  Kentucky  40292 
(502)  852-7077,  Fax  (502)  852-6807,  Rwcohn01@Ulkyvm.Louisville.Edu 
Liu’s  permanent  address  is  Precision  Instrument  Engineering  Dept.,  Tianjin  Univ.,  Tianjin,  300072,  China 


Pseudorandom  encoding  is  a  statistically-based, 
pixel-by-pixel  mapping  of  complex  valued 
modulations  onto  modulators  that  do  not  produce 
all  complex  values.'  The  resulting  far-field 
diffraction  pattern  closely  approximates  that  from 
the  desired,  but  unimplementable,  complex 
modulation.  Since  the  methed  is  point-oriented,  the 
desired  complex  modulation  can  be  synthesized  and 
encoded  without  resorting  to  time  consuming 
constrained  global  optimizations  e.g.  simulated 
annealing,^  genetic,^  and  Gerchberg  Saxton"' 
algorithms.  In  addition  to  reducing  design  time,  the 
resulting  diffraction  patterns  can  have  reasonably 
high  diffraction  efficiencies  and  low  levels  of 
background  noise. 

As  originally  described,  the  method  was  applied 
to  phase-only  modulators.'  In  this  paper  we 
consider  phase  modulators  that  have  one  additional 
transmittance  state,  namely,  zero  amplitude 
transmittance.  The  addition  of  this  single  state  can 
improve  performance  over  phase-only  modulation, 
and  it  is  fairly  straightforward  to  add  a  patterned 
opaque  layer  to  the  current  fabrication  processes  for 
diffractive  optical  elements  (DOEs).  Our  design 
method  does  specify  analog,  rather  than  discrete, 
phases.  This  does  not  preclude  the  use  of  discrete 
level  diffractive  optics  as  tong  as  there  are  enough 
phase  levels  to  adequately  reduce  the  effects  of 
quantization  error.^* 

An  objective  of  this  paper  is  to  introduce  the 
concept  of  pseudorandom  encoding  in  as  simple  a 
manner  as  possible.  Encoding  for  bi-amplitude 
modulators  is  ideal  for  this  purpose  because  the 
statistical  properties  of  amplitude  are  more  obvious 
than  of  phase,  as  were  originally  reported  in  ref  1. 

A  second  objective  is  to  compare  the  method 
with  a  recently-developed  non-random,  point- 
oriented  encoding  algorithm.  This  specific 
algorithm  is  referred  to  as  MEDOF  (for  minimum 
Euclidean  distance  optimal  filter).’  Design  using 
MEDOF  begins  by  specifying  an  optimal  complex 
valued  filter.  Each  complex  value  is  then  mapped  to 
the  modulator  value  that  is  closest  to  the  desired 
complex  value.  The  distances  can  be  minimized  by 
varying  two  parameters.  One  parameter  G  gain. 


scales  the  magnitude  of  the  complex  values  with 
respect  to  the  modulator  operating  curve.  The 
second  parameter  P  rotates  the  complex  values  with 
respect  to  the  modulator  curve.  For  the  problem  for 
which  MEDOF  was  originally  developed,  that  of 
single  object  (i.e.  non-composite)  correlation  filters, 
MEDOF  does  produce  the  optimal  solution. 

For  phase-only  modulators  the  minimum 
distance  MEDOF  mapping  is  identical  for  any 
values  of  these  two  parameters  G  and  p.  For  this 
special  case  the  MEDOF  filters  are  identical  to 
Homer  and  Gianino’s  phase-only  filter.*  It  has  been 
shown  that  object  recognition  of  composite  filters 
mapped  to  phase-only  modulators  is  somewhat 
better  when  using  pseudorandom  encoding  instead 
of  MEDOF.’  In  this  paper  we  compare  MEDOF  and 
pseudorandom  encoded  spot  array  generators.  For 
these  DOEs  pseudorandom  encoding  clearly 
outperforms  MEDOF,  at  least  as  MEDOF  had 
originally  been  described.  However,  this  does  not 
rule  out  the  use  of  MEDOF  for  diffractive  optics 
design.  As  will  be  shown,  several  aspects  of 
MEDOF  have  been  incorporated  into  the  new 
encoding  algorithm. 

Pseudorandom  encoding  background.  The 

algorithm,  in  general,  is  described  as  follows.  The 
complex  value  a  of  a  given  modulator  pixel  is  a 
single  number  drawn  from  a  random  number 
generator.  The  statistical  properties  (e.g.  mean 
value  and  standard  deviation)  of  the  random 
number  generator  are  varied  so  that  the  desired 
fully  complex  design  value  equals  (a)  the 
expected  value  of  the  random  number  generator. 
This  procedure  is  repeated  for  each  pixel  of  the 
modulator.  The  resulting  far-field/Fourier  plane 
diffraction  pattern  of  the  actual  modulation  values 
a  closely  approximates  the  Fourier  transform  of 
the  desired  values  . 

The  basis  of  this  approximation  can  be 
understood  in  terms  of  the  law  of  large  numbers.'" 
The  complex  amplitude  of  the  far-field  pattern  can 
be  viewed  as  a  linear  combination  of  wavefronts. 
The  /’th  pixel,  a  source  of  strength  a,  produces  a 
wavefront  of  complex  amplitude  AjfJ  across  the 
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Fourier  plane.  The  N  total  wavefronts  coincide  at 
the  Fourier  plane  to  form  an  ensemble.  According 
to  the  law  of  large  numbers,  an  ensemble  of  a  large 
number  of  random  occurences  (the  wavefront 
amplitudes  A/)  approaches  the  average  result  (the 
desired  diffraction  pattern  S(/4,)=IL4£ , .)  The  errors 
in  this  approximation  depend  on  the  number  of 
pixels  in  the  modulator  and  amount  of  noise 
introduced  by  using  random  modulation  values. 

The  noise  level  is  apparent  in  the  expected  far- 
field  intensity  pattern  which  is' 


(')- 


The  first  summation  is  the  desired  intensity  pattern 
and  the  second  summation  (of  the  terms  inside  the 
braces)  corresponds  to  the  average  intensity  of 
background  noise.'  This  noise  is  observed  as  a 
speckle  pattern  that  fills  the  envelope  of  the 
diffraction  pattern  of  a  single  pixel.  The  speckle 
energy  is  a  measure  of  the  degree  of  randomness 
used  in  the  design.  For  example,  if  there  is  no 
randomness  then  the  terms  inside  the  braces  cancel 
and  the  remaining  summation  is  precisely  the 
desired  diffraction  pattern.  Ref.  1  also  evaluates  the 
standard  deviation  of  the  intensity  pattern. 


Encoding  the  design  value  using  random  bi¬ 
amplitudes.  Since  the  specified  modulator  can 
directly  produce  any  value  of  phase,  we  will 
directly  set  (j)  the  phase  of  the  modulator  equal  to  (J)^, 
the  desired  phase.  The  amplitude  of  the  modulator 
a  =  |fl|  can  be  set  to  either  1  or  0.  We  define  a  to  be 
a  discrete  random  variable  having  a  value  of  1  with 
probability  p  and  a  value  of  0  with  probability 
q=\-p-  The  average  amplitude  is  simply 

{a)  -  \  p  +  d  q  -  p  (2) 


which  we  use  to  represent  any  desired  amplitude 
a=\aj\=p  between  0  and  1.  The  pseudorandom 
selection  is  directly  performed  using  the  standard 
uniform  random  number  generator  rdin{iseed).  If 
0<ran< p  then  cr=\  and  (|)=<t)c-  If/? < ran <  1  then  a=0. 
For  random  bi-amplitudes  the  expected  intensity  of 
the  diffraction  pattern,  eq.  (1),  reduces  to 


(/) 


(3) 


It  is  clear  that  the  second  term  describing  the 
speckle  background  is  small  if  the  desired 
amplitudes  ,  are  clustered  near  either  1  or  0,  and 
this  term  is  large  if  the  amplitudes  are  clustered 


near  .5  .  The  level  of  the  speckle  indicates  to  what 
degree  noise  is  affecting  the  accuracy  of  a  design. 
Eq.  (3)  also  shows  that  noise  reduces  the  useful 
diffraction  efficiency  of  the  design. 

Incorporation  of  MEDOF  into  Pseudorandom 
Encoding.  Eq.  (3)  shows  that  for  a  given  set  of 
design  amplitudes  a,,  (that  are  proportional  to  |/4„1) 
the  noise  level  is  fixed.  However,  the  noise  level 
can  be  varied  if  we  scale  the  design  values  by  the 
gain  factor  G.  The  value  of  G  is  defined  to  be  the 
maximum  value  of  .  In  pseudorandom  encoding 
as  described  in  the  previous  section,  we  usually 
normalize  the  complex  values  so  that  G=l.  The 
algorithm  can  be  applied  without  modification  for 
any  value  of  G  less  than  1 .  Reducing  G  increases 
the  number  of  zero  states  which  reduces  energy 
utilization. 

Consider  the  alternative  case  in  which  the  value 
of  G  is  greater  than  1 .  Eq.  (2)  cannot  implement 
those  values  of  Ga, ,  that  now  exceed  unity  radius 
(See  fig.  1).  We  choose  to  set  these  amplitudes  to  1 
which  corresponds  to  the  MEDOF  prescription.  As 
with  the  original  MEDOF  algorithm,  we  search  for 
the  value  of  G  that  optimizes  the  performance  of  the 
diffractive  optic.  A  value  of  G  in  excess  of  unity 
usually  optimizes  a  specific  design.  Our 
interpretation’  of  this  is  that  increasing  G  reduces 
the  random  errors,  since  fewer  values  are  now 
pseudorandom  encoded.  There  is  now  a  second 
source  of  error,  that  we  refer  to  as  systematic  error, 
for  those  desired  amplitudes  in  excess  of  unity  In 
performing  this  search  over  G  we  find  that  the 
optimal  solution  tends  to  balance  the  contributions 
due  to  random  and  systematic  errors. 


iffl  Encoding  Algorithm 


Fig.  1.  Mapping  desired  complex  values  using 
pseudorandom  and  MEDOF-only  encoding 
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Design  example  and  comparison  of 
pseudorandom  and  MEDOF-only  encoding.  Our 

objective  is  to  design  a  300  x  300  pixel  diffractive 
optic  that  produces  64  spots  of  equal  intensity  in  an 
8x8  array.  Ideally,  the  background  noise  is  zero 
and  we  would  like  it  to  be  as  small  as  possible  for 
the  encoded  design.  The  phases  of  the  spots  are 
varied  in  an  attempt  to  maximize  average  intensity 
transmittance  (hence,  energy  utilization)  of  the 
design  values  a^, .  A  set  of  desired  complex  values 
was  found  that  have  a  diffraction  efficiency  of 
r|=.23  for  G  equal  1 . 

These  desired  values  are  pseudorandom  encoded 
a  number  of  times  for  values  of  G  between  1  and 
1.82  .  For  purposes  of  comparison  we  also 
performed  the  MEDOF-only  encoding  as  a  function 
G.  The  mappings  for  these  algorithms  are  illustrated 
in  fig.  1.  The  MEDOF-only  prescription  sets  the 
modulator  value  to  =  0  if  Ga^,  is  less  than  .5,  and 
to  a,  =  1  otherwise.  (We  also  verified  by  simulation 
that  .5  gives  the  best  solution  for  all  possible 
threshold  settings.)  As  with  pseudorandom 
encoding,  cj),  is  set  to  (|)^,  in  all  cases. 

The  various  encodings  of  the  desired  into 
were  calculated  and  the  resulting  modulations  were 
Fourier  transformed  with  a  300  x  300  point  discrete 
Fourier  transform  (DFT)  subroutine.  Various 
performance  measures  were  calculated  and  are 
graphed  in  fig.  2.  A  conservative  measure  of  signal 
to  background  noise  is  the  average  intensity  of  the 
64  spots  divided  by  the  maximum  noise  intensity  in 
the  entire  DFT  file.  We  refer  to  this  measure  as 
signal  to  peak  noise  ratio  (SPR).  The  ratio  of  the 
average  signal  to  average  noise  intensities  is 
typically  one  to  two  orders  of  magnitude  larger  than 
SPR.  The  non-uniformity  is  defined  as  a  relative 
error;  specifically,  the  standard  deviation  of  the  64 
spot  intensities  divided  by  the  average  intensity. 
The  maximum  peak-to-peak  fluctuation  in  each 
case  is  roughly  2-3  times  larger  than  the  measure  of 
non-uniformity  plotted  in  fig.  2.  The  efficiency  of 
the  encoding  in  approximating  the  desired  complex 
design  was  calculated  as  the  sum  of  the  64  spot 
intensities  divided  by  the  total  energy  in  the  Fourier 
transform  plane.  The  average  intensity 
transmittance  of  the  modulator  is  T],  =  Ng„  /TV,  where 
N„„  is  the  number  of  modulator  pixels  set  to  unity 
amplitude.  The  energy  utilization  efficiency  is  then 
T)  =  r),r|^,  .  The  results  in  fig.  2  were  found  for 
values  of  G  between  1  and  1.82  .  Though  G  is  not 
shown,  note  that  diffraction  efficiency  T]  increases 
monotonically  as  a  function  of  G. 


Fig.  2  shows  that  the  best  pseudorandom 
encoded  design  outperforms  the  best  MEDOF-only 
design  in  SPR  (212  vs.  19.5)  and  non-uniformity 
(2.5  %  vs.  17.8  %).  The  measured  efficiency  r|„  of 
the  best  MEDOF-only  encoding  is  higher  than  the 
best  pseudorandom  encoding  (59  %  vs.  32  %),  but 
even  this  difference  can  be  reduced  by  sacrificing 
some  uniformity  and  SPR.  For  instance,  even  at  an 
efficiency  of  57  %  the  pseudorandom  encoded 
design  outperforms  MEDOF  in  all  other  measures. 


Fig.  2.  Performance  of  encoding  algorithms 


The  differences  between  MEDOF  and 
pseudorandom  encoding  can  be  appreciated  by 
considering  the  differences  in  the  background  noise 
of  their  diffraction  patterns.  The  images  shown  (fig. 
3)  are  for  the  designs  for  which  SPR  is  maximum. 
The  noise  has  been  brought  out  by  saturating  the 
maximum  grayscale  in  each  intensity  pattern  by  a 
factor  that  is  roughly  the  same  value  as  its 
respective  SPR.  The  MEDOF  design  shows  a  series 
of  harmonically  related  noise  orders.  Orders  like 
these  are  quite  common  in  many  binary  optics 
designs.  The  noise  orders  can  be  thought  of  as 
intermodulation  distortion  products  that  are  known 
to  result  when  two  or  more  frequencies  are  passed 
through  a  nonlinearity.  With  multiple  harmonically 
related  frequencies  there  can  be  substantial 
interference  and  competition  between  desired 
frequencies,  as  well,  which  accounts  for  the  large 


240  /  DTuD4-4 


non-uniformity.  The  pseudorandom  design  is 
subject  to  the  same  nonlinearity,  but  random 
encoding  greatly  reduces  these  effects.  By  using 
randomness,  the  noise  (which  is  equivalent  to  the 
errors  in  the  approximation  to  the  ,)  has  been 
distributed  more  uniformly  over  the  entire 
observation  plane,  as  indicated  by  eq.  (1)  or  eq.  (3). 
Even  if  there  is  more  total  energy  in  the  background 
noise,  its  peak  level  is  usually  much  lower  than  the 
peak  levels  produced  by  MEDOF  and  other 
systematic  approaches. 


Fig.  3.  Background  noise  of  MEDOF-only  (top) 
and  pseudorandom  encoded  (bottom)  spot  arrays. 
Grayscale  satuaration  is  26x  and  212x  respectively. 


Pseudorandom  encoding  can  be  viewed  as 
attempting  to  maxmize  the  entropy  of  the 
approximation  errors.  In  selecting  gain  G  of  greater 
than  1  some  intermodulation  products  are  accepted 
as  long  as  an  overall  better  performance  in  SPR, 
uniformity,  etc.  is  achieved. 

Pseudorandom  encoding  of  bi-amplitudes 
produces  results  that  are  excellent  for  many  critical 
applications  and  the  devices  require  no  new 
developments  in  fabrication  art.  We  believe  that 
these  general  pseudorandom  encoding  concepts  can 
be  used  to  the  develop  of  substantially  faster 
algorithms  for  globally  optimal  designs  of 
diffractive  optics. 
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Large  numerical  aperture  diffractive 
lenses  have  many  applications  for  imaging 
and  beam  coupling.  Since  the  minimum 
Fresnel  zone  width  of  a  diffractive  lens  is 
approximately  proportional  to  F-number:  r^  - 
r^.i  =  2^F/#,  the  grating  period  in  the  region 
close  to  the  lens  edge  is  comparable  with  the 
wavelength  X  for  a  fast  lens.  The  diffraction 
of  such  surface  relief  wavelength-scale 
structures  should  be  solved  with  rigorous 
electromagnetic  theory.  Most  methods  with 
the  resonance  domain  diffraction  theory  for 
analysis  and  synthesis  of  diffractive  optics 
elements  are  for  1-D  and  2-D  separable 
gratings,  1-D  cylindrical  lens  and  2-D  lens 
arrays’.  Those  elements  are  treated  with  the 
1-D  grating  model.  However,  rigorous 
analysis  of  a  single  2-D  radially  symmetrical 
diffractive  lens  needs  solutions  of  the  3-D 
Maxwell  equations.  The  numerical  solutions 
with  the  finite-element  methods^  are  usually 
computational  expansive. 

In  this  paper  we  present  a  simple 
method  for  estimation  and  optimization  of 
the  diffraction  efficiency  of  2-D  radially 
symmetric  diffractive  lenses,  using  a  local 
linear  grating  model  of  the  lens  and  the 
coupled- wave  theory^.  The  numerical 
experiments  show  that  the  model  is  self- 
consistent  and  is  consistent  with  the  scalar 
theory  when  the  feature  size  of  the  lens 
structure  is  large  compared  to  the 
wavelength; 

The  full-period  Fresnel  zones  of  a 
diffractive  lens  are  defined  so  that  the 
optical  path  from  the  edge  of  the  m-th  zone 
is  equal  to  mA,.  The  radii  of  the  m-th  zone  is 


given  by: 

-  \jlmXf  +  {mXf 

The  zone  width  decreases  approximately  as 
l/r^j.  At  the  center  the  zones  are  much  larger 
than  X.  The  diffraction  efficiency  of  this  part 
of  the  lens  may  be  100%  for  continuous 
phase  profile  and  95%  for  eight  discrete 
phase  levels.  Near  the  edge  the  zone  widths 
are  comparable  with  X.  The  scalar 
approximation  may  introduce  important 
errors  in  analyzing  this  part  of  the  lens. 

The  difficulty  of  the  vector  theory  of 
diffraction  in  analyzing  the  2-D  lens  is  that 
most  theoretical  methods  are  developed  for 
1-D  linear  gratings,  presented  by  a 
cylindrical  surface  whose  generatrices  are 
infinitely  long.  Only  in  this  case  the 
Maxwell  equations  are  2-D  and  are  of  scalar 
nature.  Many  existing  methods  can  provide 
numerical  solutions.  Otherwise,  solution  of 
the  Maxwell  equations  is  a  3-D  problem  that 
can  be  solved  only  by  computational 
expansive  numerical  methods,  such  as  the 
finite  element  methods. 

In  order  to  apply  the  1-D  grating 
theory  to  the  analysis  and  synthesis  of  a  2-D 
lens,  we  introduce  an  approximative  local 
linear  grating  model  for  the  radially 
symmetrical  lens.  We  divide  the  lens  into 
two  regions.  In  central  region  the  scalar 
theory  may  be  still  applied.  Only  in  the  outer 
ring-shaped  region  the  rigorous  vector  theory 
should  be  applied.  Then,  we  divide  the  ring 
into  N  angular  sections.  Let  0j  be  orientation 
of  the  j-th  section  with  j  =0,  1,...,  N-1.  Each 
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of  the  N  identical  sections  is  considered  as  a 
1-D  linear  grating  whose  period  decreases 
with  the  radius  r.  The  curvature  of  the  linear 
grating  groove  is  null.  Thus,  the  lens  is 
approximated  by  a  N-polygon.  When  N  o®, 
the  polygon  tends  to  the  circular  lens.  There 
is  a  trade-off  between  the  validity  of  the 
linear  grating  model  and  that  of  the 
approximation  to  the  circular  lens  by  a  N- 
polygon.  We  keep  the  shortest  groove  length 
longer  than  10?i:  27uro/N  >  10?i,  where  ro  is 
the  inner  radius  of  the  ring.  For  ro=l  mm 
and  ?i=0.62ixm,  N<1000,  the  N-polygon  is 
very  close  to  the  circular  lens. 

The  linear  grating  model  may  be 
justified  since  the  interaction  between 
electromagnetic  field  and  substrate  is 
essentially  local  and  the  groove  length  of  the 
angular  section  grating  is  much  larger  than 
lOX..  The  validity  of  the  model  can  be  also 
justified  by  the  computation  results 
compared  with  that  provided  by  other 
methods. 

In  order  to  estimate  diffraction  of  the 
angular  section  grating  whose  period 
decreases  with  r,  we  divide  the  section  into 
L  local  gratings  of  constant  period.  The  i-th 
local  grating  has  the  boundary  of  rj  and  rj+i 
with  i  =  0,  1,  ...,  L-1  and  rg  and  rL  is  the 
inner  and  outer  radius  of  the  ring, 
respectively.  The  constant  period  of  a  local 
grating  is  the  local  mean  of  the  varying 
period.  This  approximation  may  be  justified 
since  variation  of  the  period  is  smooth.  Our 
computation  results,  which  will  be  given  in 
Figure.3,  show  that  the  computed  diffraction 
efficiency  is  not  sensitive  to  the  grating 
divisions  for  arbitrary  radial  divisions  Tj. 

Now  we  compute  the  diffraction  of  a 
local  grating  (i,j).  Let  the  incident  beam  be 
a  plane  wave  with  uniform  amplitude,  and 
xE+,)ij  be  the  transmitted  first  order  of 
diffraction  just  behind  the  local  grating  (i,j). 
First  we  consider  an  angular  section  with  0j 
=  0.  Its  grooves  are  parallel  to  the  y-axis. 
The  radial  direction  of  the  lens  is  parallel  to 


the  x-axis. 

The  components  of  (E^.,)io  are 
computed  from  the  two  fundamental  TE  and 
TM  polarizations:  Ey  is  solved  from  the  TE 
polarization  and  E,^  and  E^  are  solved  from 
the  TM  polarization.  The  rigorous  coupled- 
wave  analysis  is  implemented  in  the 
computation. 

According  to  Eq.(l)  the  optical  paths 
from  every  zone  to  the  focal  point  have  a 
difference  of  A,.  Hence,  the  propagation  from 
lens  to  the  focus  introduces  no  additional 
phase  shift.  All  the  first  orders  diffracted  by 
local  gratings  are  directed  to  the  focus. 
However,  the  field  (E^.,)i_o  is  complex  valued, 
whose  amplitude  and  phase  depend  on  the 
grating  period  and  groove  profile,  and  thus 
vary  with  q.  Figure  1  and  2  show  the 
intensity  and  phase  of  the  first  order  of 
diffraction  as  a  function  of  the  grating 
period  for  TE  and  TM  polarization.  When 
the  grating  period  is  smaller  than  3  A.  the 
intensity  of  the  first  order  of  diffraction 
decreases  dramatically  (<50%)  and  their 
phase  varies  very  fast  with  the  grating 
period,  resulting  in  fast  drop  of  the 
diffraction  efficiency. 


Figure  1.  The  first  order  intensity  as  a 
function  of  the  grating  period. 
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function  of  the  grating  period. 


The  contributions  to  the  field  at  the 
focus  from  all  the  local  gratings  i  =  0,  1,  2, 
L-1  in  the  angular  section  with  j  =  0  may 
be  simply  added  up  : 


■v-o 


i-O 


(2) 


where  Cj^  is  proportional  to  the  area  of  the 
surface  of  the  i-th  grating 


Equation  2  is  in  fact  the  vector  transmittance 
of  the  angular  section  grating  9j  =  0  which 
is  illuminated  uniformly. 

In  order  to  compute  the  contribution 
to  the  field  at  focus  of  the  angular  section  j 
#  0,  we  assume  that  the  incident  beam  E,  is 
polarized  along  the  y-axis.  First  we  rotate  an 
angle  6j  of  the  coordinate  system  x-y  to  X- 
Y.  In  the  new  X-Y  coordinate  system,  the  j- 
th  angular  section  grooves  are  parallel  to  the 
Y  axis,  and  the  incident  beam  becomes  to 
R(0j)E,.  Then  we  multiply  a  matrix  of 
transmittance  T  to  obtain  the  transmitted 
beam  in  X-Y  coordinate  system,  the  matrix 
T  is  defined  using  the  vector  Ej^g  from  Eq.2 
as: 


T  - 


0  0 
0  0 
£^0  0 


(4) 


Finally,  we  rotate  back  to  the  original  x-y 
coordinate  system  by  the  matrix  of  R(-0j) 
and  the  transmitted  beam  is  given  by: 

Ej  -  R(-Qj)-TR(dj)-E^  (5) 


where  the  matrix  of  rotation  is: 


R(6.) 


cos(0p  sin(0^)  0 
-sm(0^)  cos(0^)  0 
0  0  1 


(6) 


Then,  we  add  up  the  vector  fields 
diffracted  from  all  the  angular  sections  j  =  0, 
1,  2,...  N-1  of  the  lens.  Since  the  lens  is 
radially  symmetrical  and  the  incidence  is 
normal,  the  resultant  field  is  along  the  z- 
axis.  The  diffraction  efficiency  is  easily 
estimated.  This  results  is  in  fact  the 
efficiency  of  the  outer  ring-shaped  region  of 
the  lens.  That  of  the  central  part  of  the  lens 
is  estimated  with  the  scalar  theory. 

In  order  to  establish  the  relevance  of 
our  approximative  local  linear  grating  model 
of  the  2-D  lens,  we  computed  a  lens  of  small 
numerical  aperture  with  f  =  10  mm  and  F/4 
with  4  discrete  phase  levels.  The  computed 
diffraction  efficiency  of  75.4%  tends  to  that 
of  81%  predicted  by  the  scalar  theory.  The 
difference  between  the  scalar  and  the  vector 
theory  results  is  even  smaller  because  the 
vector  theory  shows  a  reflection  loss  of 
about  3%.  The  scalar  theory  does  not  give 
the  reflection  loss. 

Figure  3  and  4  show  the  estimated 
diffraction  efficiency  of  a  lens  as  a  function 
of  the  randomly  changed  radial  divisions  of 
the  angular  sections  and  as  a  function  of  the 
number  of  angular  divisions  N.  The 
computation  was  done  for  a  F/1  lens  with  f 
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=  1  mm  and  16  phase  levels.  The  inner 
radius  ro  of  the  ring-shape  part  of  the  lens  is 
the  radius  of  the  11-th  zones,  Tq  =  r^^,,, 
where  r^,  is  defined  by  Eq.l.  The  radial 
divisions  generate  about  16  local  gratings. 
Each  grating  contains  about  10  zones 
(grooves).  We  shifted  randomly  all  the 
transition  points  in  the  angular  section  with 
a  maximum  shift  of  2  Fresnel  zone  widths. 
The  variations  of  the  estimated  diffraction 
efficiency  were  less  than  1%.  Also,  when  the 
number  N  of  the  angular  divisions  of  the 
lens  varies  form  4  to  100,  the  estimated 
diffraction  efficiency  varied  less  than  0.1%. 

0.46 
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0.454 
0.452 

? 

•|  0.45 
0.448 
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0.444 
0.442 

2  4  6  8  10  12  14 

Times  of  try 

Figure  3.  Lens  efficiency  as  a  function  of 
the  randomly  changed  radial  divisions  of  the 
angular  sections. 


Figure  4.  Lens  efficiency  as  a  function  of 
the  number  of  angular  divisions. 


Synthesis  and  optimization  of  the  2-D 
lens  for  high  efficiency  using  the  local  linear 
grating  model  are  under  way.  The  local 
grating  groove  shape  should  be  changed  and 
optimized,  and  both  the  intensity  and  the 
phase  of  the  first  diffraction  order  of  the 
local  grating  are  important  in  the 
optimization. 

We  have  introduced  an  approximative 
local  linear  grating  model  for  estimating  the 
diffraction  efficiency  of  the  2-D  radially 
symmetrical  diffractive  lens  using  the 
coupled-wave  theory.  We  have  shown  that 
the  local  linear  grating  model  is  self- 
consistent  and  is  consistent  with  the  scalar 
theory  results  when  the  feature  size  is  large 
compared  to  the  wavelength. 
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By  merging  traditional  thin-film  optics  with  diffractive  and  waveguide  optics,  it  has  been 
shown  theoretically  that  optical  reflection  filters  can  be  designed  with  100%  efficiency, 
symmetrical  lineshapes,  near-zero  nonoscillatory  sidebands  over  extended  wavelength  regions, 
narrow  (or  wide)  controllable  linewidths,  and  oAer  favorable  attributes  [1].  Thus,  single-  and 
multilayer  reflective  filters  with  near  ideal  features  have  been  theoretically  demonstrated  by 
utilizing  anti-reflection  design  to  suppress  reflections  adjacent  to  the  resonance  peak  [2].  In 
addition,  a  transmission  bandpass  filter  can  be  designed  using  guided-mode  resonance  effects 
with  a  highly  reflecting  dielectric  multilayer  stack  [3].  This  new  transmission  filter  produces 
broad-range  low-transmission  sidebands  with  nearly  100%  transmission  efficiency  at  the 
passband.  Numerous  applications  have  been  identified  including  laser  resonator  frequency- 
selective  polarizing  mirrors,  laser  cavity  tuning  elements,  mirrors  and  phase-locking  elements 
for  vertical-cavity  surface  emitting  laser  arrays,  and  sensor  elements  [4].  Experimental  results 
verifying  the  theoretically  predicted  high  resonance  efficiencies  for  reflection  filters  have  been 
reported  in  the  optical  spectral  region  [5,6],  in  the  millimeter  wave  region  [7],  and  in  the 
microwave  region  [8]. 

A  very  general  diffraction  problem  (Fig.l)  has  been  mathematically  formulated  using  rigorous 
coupled-wave  theory  [9]  resulting  in  computer  codes  applicable  to  a  wide  range  of  physical 
situations.  Variables  include  wavelen^h  of  the  incident  plane  wave,  angle  of  incidence,  layer 
thicknesses,  layer  permittivities,  grating  period,  grating  profile,  modulation  amplitudes,  and 
grating  slant  angle.  Any  polarization  state  can  be  handled.  Multilayer  structures  with 
arbitrarily  many,  arbitrarily-ordered,  modulated  and  homogeneous  layers  and  arbitrary 
surrouncfing  materials  can  be  treated. 

Accordingly,  the  guided-mode  resonance  properties  of  single-layer,  plan^,  dielectric 
waveguide  gratings  (i.  e.,  the  canonical  structure)  have  been  studied  and  explained  in  great 
detail.  It  has  been  shown  that  these  structures  function  as  reflection  filters  producing  complete 
exchange  of  energy  between  forward  and  backward  propagating  diffracted  waves  with  smooth 
lineshapes  and  arbitrarily  narrow  filter  linewidths.  Simple  expressions  based  on  rigorous 
coupled-wave  theory  and  on  classical  slab  waveguide  theory  are  found  to  give  a  great  deal  of 
insight  into  these  phenomena.  Parametric  resonance  locations  can  be  determined  approximately 
and  quantification  of  the  inherent  TE/TM  polarization  separation  and  the  free-spectral  ranges  of 
the  filters  are  obtained  in  simple  terms.  Furthermore,  the  resonance  regimes,  defining  the 
parametric  regions  within  which  the  guided-mode  resonances  arise,  can  be  directly  visualized. 
It  has  been  shown  that  the  linewidths  of  the  resonances  can  be  controlled  by  the  grating 
modulation  amplitude  and  by  the  degree  of  mode  confinement  (refractive-index  difference  at 
boundaries)  [4]. 

Additionally,  it  has  been  shown  that  ideal  reflection  filters  can  be  designed  by  combining 
guided-mode  resonance  effects  in  waveguide  gratings  with  antireflection  effects  of  thin-film 
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structures.  Since  the  guided-mode  resonance  effect  overrides  the  antireflection  effect,  the  filter 
possesses  a  symmetrical  line  shape  with  near-2ero  reflectivity  over  appreciable  wavelength 
bands  adjacent  to  the  resonance  wavelength.  In  the  single-layer  filter,  the  same  layer  functions 
as  the  waveguide  grating  supporting  the  resonance  and  as  the  antireflection  layer  suppressing 
reflection  around  the  resonance.  As  shown  in  Fig.  2,  a  multilayer  design  allows  the  filter 
resonance  peak  a  wide  surrounding  region  of  low  reflectance.  The  central  resonance 
wavelength,  the  filter  linewidth,  the  range  of  the  low  sidebands,  and  the  resonance  line  shape 
depend  on  the  chosen  parameters  [1,2]. 

Further,  it  has  been  shown  that  a  narrow-line,  polarized  transmission  bandpass  filter  (as 
opposed  to  the  reflection  bandpass  filters  referred  to  above)  can  be  obtained  by  combining  the 
asymmetrical  guided-mode  resonance  response  of  waveguide  gratings  with  the  dielectric  mirror 
effect  of  multilayer  structures.  As  illustrated  in  Figs.  3  and  4,  this  filter  exhibits  low- 
transmission  sidebands  with  high  efficiency  within  the  passband.  The  location  of  the 
transmission  peak  can  be  controlled  by  the  grating  period  with  a  fixed  angle  of  incidence. 
These  filters  have  attractive  features  such  as  polarization  sensitivity  and  high  transmission 
efficiency  with  narrow  Hnewidths;  a  drawback  is  the  increased  fabrication  complexity  relative 
to  homogeneous  layered  structures. 

In  conclusion,  the  resonance  effects  discussed  in  this  paper  are  induced  by  and  controlled  by 
the  proper  combination  of  diffractive  optics,  thin-film  optics,  and  waveguide  optics.  These 
effects  open  up  new  possibilities  for  design  and  applications  of  optical  elements  and  devices. 

1.  S.  S.  Wang  and  R.  Magnusson,  "Design  of  waveguide-grating  filters  with  symmetrical 
line  shapes  and  low  sidebands,"  Optics  Letters  ,  vol.  19,  pp.919-921,  June  15,  1994. 

2.  S.  S.  Wang  and  R.  Magnusson,  "Multilayer  waveguide-grating  filters,"  Applied  Optics 
vol.  34,  pp.  2414-2420,  May  1995. 

3.  S.  S.  Wang  and  R.  Magnusson,  "Transmission  bandpass  guided-mode  resonance  filters," 
accepted  for  publication  by  Applied  Optics . 

4.  R.  Magnusson  and  S.  S.  Wang,  "Theory  and  applications  of  guided-mode  resonance 
filters,"  Applied  Optics,  vol.  32,  pp.  2606-2613,  May  1993. 

5.  M.  T.  Gale,  K.  Knop,  and  R.  H.  Morf,  "Zero-order  diffractive  microstructures  for 
security  applications,"  Proc.  SPIE  on  Optical  Security  and  Anticounterfeiting  Systems, 
vol.  1210,  pp.  83-89,  1990. 

6.  S.  M.  Norton  and  G.  M.  Morris,  “Embedded  grating  structures:  Use  of  the  scattering 
operator  in  design,”  Optical  Society  of  America  Annual  Meeting,  Portland,  Oregon, 
September  10-15, 1995. 

7.  V.  V.  Meriakri,  I.  P.  Nikitin,  and  M.  P.  Parkhomenko,  “Frequency  characteristics  of 
metal-dielectric  gratings,”  Radiotekhnika  i  elektronika,  no.  4,  pp.  604-61 1, 1992. 

8.  R.  Magnusson,  S.  S.  Wang,  T.  D.  Black,  and  A.  Sohn,  "Resonance  properties  of 
dielectric  waveguide  gratings:  Theory  and  experiments  at  4  - 18  GHz,"  IEEE  Transactions 
on  Antennas  and  Propagation  ,  vol.  42,  pp.  567-569,  April  1994. 

9.  T.  K.  Gaylord  and  M.  G.  Moharam,  "Analysis  and  applications  of  optical  diffraction  by 
gratings,"  Proc.  IEEE,  vol.  73,  pp.  894-937,  1985. 


248  /  DWAl-3 


Fig.  1  Generic  multilayer,  square-wave-profile 
waveguide-grating  filter  with  normal  incidence.  R  is  the 
filter  reflectance  and  T  is  the  filter  transmittance.  Layer 
thicknesses  are  d  and  relative  permittivities  are  e. 


Fig.  2  TE  polarization  spectral  response  of  a  triple¬ 
layer  waveguide-grating  filter.  Note  the  resonance 
wavelength  depedence  on  the  grating  period  A.  The 
parameters  are  Ec  =  1.0,  8s  =  2.31,  Ei  =  1.77,  E2h  =  4.75, 


E2l  =  3.24,  E3  =  3.42,  d,  =  94  nm,  d2  =  63  nm,  and  da  = 
Incident  65  nm  (AR  design). 


Fig.  3  Multilayer  waveguide- grating  transmission  filter 
with  high-reflection  design  for  efficient  transmission  at 
the  resonance  wavelength  and  suppressed  transmission 
off  resonance. 


Fig.  4  TE  polarization  spectral  response  of  an  1 1-layer 
transmission  filter  with  layers  1  and  1 1  being  waveguide 
gratings.  The  gratings  have  period  A  =  0.3  jim, 
thickness  d  =  51  nm,  and  permittivities  E}{~  6.25 ^  = 

4.84.  The  parameters  for  the  homogeneous  layers  are  d 
-51  nm,  8  =  5.52  for  odd-numbered  layers  and  d  =  87 
nm,  e  =  1 .9  for  even-numbered  layers. 
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1.0  INTRODUCTION 

Resonant  grating  filters  offer  high-contrast,  narrowband  reflectivity  and  transmissivity  for 
an  incident  plane  wave.  They  differ  from  other  optical  filters  in  that  they  operate  on  the 
principle  of  resonance  excitation,  rather  than  a  bragg-type  or  Fabry-Perot  effect.  The 
principle  of  resonance  excitation  has  been  equated  with  the  excitation  of  a  leaky  waveguide 
mode.'  Connecting  the  resonance  to  a  leaky  mode  excitation  has  led  to  new  design 
principles  for  resonance  grating  filters.  For  instance,  the  ideal  waveguide  dispersion 
relation  has  been  used  to  locate  the  position  of  the  resonance  in  wavelength  or  angle.'^ 
However,  connecting  resonant  width  to  leaky  waveguide  excitation  has  largely  been 
ignored.  We  will  show  how  the  waveguiding  concept  can  be  extended  to  give 
approximations  to  resonant  width.  This  approach  is  based  on  three  different  models: 
homogeneous  RCWA^,  an  approximate  homogeneous  modal  analysis,  and  an 
approximate  coupled-mode  approach.  Note,  the  term  homogenous  refers  to  solving  the 
problem  without  the  existence  of  an  incident  plane  wave  field. 

2.0  GENERAL  THEORY  OF  RESONANT  GRATING  FILTERS 

A  resonant  grating  filter  is  illustrated  in  Fig.l.  This  particular  type  of  filter  is  a  sinusoidal- 
type,  because  the  periodic  region  has  a  sinusoidal  permittivity  variation.  When  a  plane 
wave  with  the  proper  wavelength  and  angle  is  incident  on  the  stmcture,  it  is  possible  to 
achieve  100%  reflection  of  the  field. 


a 
: — 


X 

Figure  1.  Resonant  grating  filter  with  refractive  index  profile  n^  (z)  =  n3^(l  -i-  Mcos( — z)) . 

A 

As  explained  earlier,  the  resonance  reflection  is  due  to  the  excitation  of  a  leaky  waveguide 
mode  centralized  in  the  periodic  region.  The  process  of  resonance  excitation  can  be 
understood  as  follows.  An  incident  plane  wave  scanning  over  wavelength,  for  instance,  is 
incident  upon  a  stmcture  at  a  particular  angle.  At  some  specific  wavelength,  a  leaky  mode 
is  excited,  assuming  the  structure  is  designed  properly.  Near  the  excitation  wavelength  an 
excited  mode  begins  to  re-radiate  above  and  below  the  periodic  region.  The  scattered  field 


250  /  DWA2-2 


over  the  excitation  wavelength  range  has  a  rapidly  changing  phase  term  which,  at  some 
point,  will  be  completely  in  phase  with  the  directly  reflected  field  and  completely  out  of 
phase  with  the  directly  transmitted  field.  An  example  of  a  resonance  reflection  is  plotted  in 


1.20  1.30  ,  1.40  ^  1.50  1.60 

Angle  (degrees) 


Fmure  2.  An  example  of  a  TE  resonant  reflection  peak.  Important  parameters  in  design 
ofgrating  filters  includes  center  wavelength  and  angle  and  the  corresponding  bandwidths. 

Mathematically,  a  leaky  waveguide  mode  can  be  described  by  a  pole  in  the  complex 
propagation  constant  domain,  p.  A  plane  wave  can  excite  the  leaky  waveguide  mode 
through  the  coupling  relation 

0  TT 

(2^(P)  =  k^  -  m —  m=integer  (1) 

A 

where  P  is  the  complex  propagation  constant  of  a  leaky  waveguide  mode,  k^  is  the 
tangential  wave  vector  of  the  incident  field,  and  A  is  the  period  of  the  grating.  From  the 
above  coupling  relation  we  see  that  it  is  the  real  part  of  the  propagation  coefficient  which  is 
related  to  the  resonance  position  in  wavelength  or  angle.  Wang  and  Magnusson’’'*  made 
use  of  this  by  averaging  over  the  periodic  index  region  and  using  the  ideal  waveguide 
relation  to  obtain  an  approximation  of  Re(P).  In  this  case,  the  imaginary  part  is  lost  by  the 
averaging.  However,  they  were  able  to  show  that  the  real  propagation  coefficient  along 
with  the  coupling  relation  gives  a  good  approximation  for  resonant  position.  Up  until  now, 
the  imaginary  part  of  P  has  been  largely  ignored.  It  has  been  shown  in  other  grating 
literature  that  the  imaginary  part  of  the  propagation  constant  can  be  linked  to  the  resonant 
width  through  a  Lorentzian  relation.^  We  are  interested  in  showing  the  different  methods 
to  obtain  the  imaginary  part  of  the  propagation  coefficient  and  its  relation  to  the  actual 
resonant  width  (FWHM  as  determined  by  inhomogeneous  RCWA).  Our  end  goal  is  to 
show  that  the  approximate  methods  (homogeneous  modal  and  coupled-mode)  are  more 
than  adequate  to  provide  the  designer  with  an  approximation  of  resonant  width. 

3.0  METHODS  OF  DETERMINING  IrntBl 

There  are  two  main  advantages  for  finding  the  resonant  width  through  the  imaginary  part 
of  the  propagation  constant.  One,  it  can  significantly  decrease  computation  time.  In  order 
to  find  the  resonant  width  using  standard  rigorous  vector  methods  which  compute 
diffraction  efficiency,  one  must  plot  out  the  reflectivity  over  the  resonance  and  actually 
measure  the  resonant  width.  This  requires  the  computation  of  many  different  points  over 
the  resonance  and  in  fact,  requires  the  designer  to  know  where  the  resonance  is  located 
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beforehand  (assuming  a  resonance  even  exists).  The  approximate  methods,  however, 
require  the  computation  of  just  one  point  for  each  resonance  peak  -  a  significant  decrease  in 
computation  time.  The  second  advantage  of  computing  Im(P)  through  the  approximate 
methods,  is  the  ability  to  quickly  determine  overall  trends  in  resonant  width  for  a  particular 
design  structure.  In  other  words,  the  designer  can  quickly  learn  how  the  resonant  width 
changes  over  the  whole  range  of  a  structure  parameter,  such  as  depth. 

The  first  method  to  obtain  Im(P)  is  by  homogeneously  solving  the  rigorous  coupled  wave 
problem  (rather  than  inhomogeneously).  The  inhomogeneous  solution  requires  knowledge 
of  the  incoming  exciting  field,  while  the  homogeneous  solution  involves  locating  the 
resonance  position  through  a  root  search  of  the  complex  P-plane.  The  location  of  the  root 
provides  the  information  about  what  type  of  incoming  field  would  excite  it.  This  method 
is,  in  fact,  rigorous  in  the  sense  that  the  designer  has  the  option  of  increasing  the  accuracy 
by  increasing  the  number  of  diffraction  orders  included. 

Another  method  for  determining  Im(P)  is  to  homogeneously  solve  the  equations  of  modal 
analysis.  This  method  is  similar  to  the  coupled-wave  approach  except  that  the  author’s 
implementation  took  into  account  only  the  zeroth  mode  and  its  corresponding  diffracted 
order.  The  approximation,  however,  for  dielectric  resonant  grating  structures  holds  very 
well.  In  the  symmetric  case  (nj=nJ,  the  approximation  results  in  a  close  form 
transcendental  equation,  the  solutions  of  which,  are  the  complex  poles,  p.  Otherwise,  the 
non- symmetrical  case(n57inj  is  also  very  easy  to  implement. 

The  final  approach  is  based  on  coupled-mode  theory.  It  is  the  most  interesting  because  it  is 
the  most  “physical”  approach.  In  other  words,  the  method  allows  the  designer  to 
understand  the  origins  of  the  trends  he  observes  in  loss  versus  a  given  physical  parameter. 
But  most  important,  it  is  possible  to  obtain  an  explicit  closed-form  formula  for  the  loss. 

4.0  THE  RESONANT  WIDTH  FROM  Imtpi 

To  establish  a  relationship  between  resonant  width  and  the  imaginary  part  of  P,  we  can 
use  an  approximation  introduced  by  Neviere.^  Basically,  we  assume  that  the  resonance 
has  a  Lorentzian  form.  We  start  by  assuming  the  reflected  amplitude  can  be  given  by 

C  27T 

r  =  - - -  where  k,^  =  k,  -  m—  (2) 

Km-P  A 


and  where  c  is  an  arbitrary  constant  and  k^  is  the  tangential  component  of  the  incident  field 
vector.  The  reflected  intensity  is  therefore  given  by 


R  =  lr|- 


(3) 


where  p^=<?^e(P)  and  Pj=/m(P).  As  can  be  seen  by  Eq.(3),  the  maximum  in  R  occurs 
when  k^^  =  p^ ,  which  was  given  earlier  as  the  coupling  condition  for  resonance  excitation. 
At  half  of  the  maximum  reflectivity,  Pj  must  be  equal  to  (k^„  -  p^).  Therefore,  in  this 
approximation,  the  full  width  of  the  resonance  at  half  maximum  (FWHM)  is  given  by  2pj. 
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5.0  RESULTS  AND  DISCUSSION 

Each  of  the  models  described  above  were  used  to  generate  Im(|3)  vs.  depth  plots.  The 
Im([3)  values  were  then  converted  to  resonant  width  values,  Ak^,  using  the  Lorentzian 
model.  The  resonant  grating  structure  in  Fig.  1  was  examined  with  a  modulation  of  M=0.1. 
A  plot  comparing  final  results  for  Ak^  to  the  FWHM  determined  from  measuring  RCWA 
diffraction  efficiency  data  is  given  in  Fig.3. 

The  plot  demonstrates  peaks  in  resonant  width  with  each  peak  decreasing  in  amplitude  with 
depth.  As  can  be  seen,  each  of  the  models  gives  an  excellent  match  to  FWHM  as 
calculated  by  RCWA.  In  fact,  the  approximate  modal  method  and  the  approximate 
coupled-mode  method  overlap  almost  exactly.  The  deviations  in  the  actual  width  data  at 
the  top  of  the  first  peak  are  not  due  to  any  approximation  in  the  calculation  of  Im(P)  but  are 
due  to  the  breakdown  of  the  Lorentzian  model.  At  these  deviated  points  the  resonance  has 
an  asymmetrical  profile  rather  than  symmetrical  Lorentzian  profile  of  Fig. 2.  The  resonance 
reflectivity  plot  is  asymmetrical  because  of  an  associated  zero  near  the  pole  in  the  complex 
domain.  Thus,  the  reflectivity  near  a  resonance  shows  a  100%  peak  but  with  a  0% 
reflectivity  on  one  of  the  sidelobes  of  the  resonance. 

These  types  of  resonant  width  plots  are  extremely  valuable  to  the  designer.  Very  little 
calculation  gives  the  designer  the  complete  width  profile  over  any  of  the  structural 
parameters  and  thus  significantly  aids  the  design  process. 
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Figure  3.  Resonant  width  comparison  between  FWHM  of  RCWA  and  three  different 
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1.  Introduction 

In  diffractive  optics  phase-only  elements  provide  the  highest  diffraction  efficiencies,  but  they 
also  generate  noise  in  the  neighborhood  of  the  signal  window  W.  Moreover,  this  noise 
tends  to  be  strongest  in  the  immediate  neighborhood  of  W.  In  many  applications,  such  as 
space-invariant  optical  interconnection,  one  must  suppress  the  noise  from  some  given  spatial- 
frequency  frame  around  W.  This  can  be  accomplished  with  a  phase-only  modulating  element, 
but  it  requires  an  effective  increase  of  the  size  of  W  to  include  also  the  frame.  Consequently 
the  numerical  complexity  of  performing  the  design  increases  considerably. 

To  delete  the  noise  entirely,  one  may  modulate  both  the  amplitude  and  the  phase  of  the 
incident  field  continuously.  The  amplitude  modulation  results  in  a  decrease  of  the  diffraction 
efficiency  of  the  element.  Also,  and  this  is  often  the  most  critical  factor,  the  fabrication  of 
amplitude  and  phase  modulated  transparencies  is  difficult  [1].  To  overcome  the  problem  one 
often  modulates  the  efficiency  and  the  phase  of  the  first  carrier-grating  order  [2],  but  then 
the  signal  is  moved  off-axis  and  the  efficiency  is  futher  reduced. 

We  propose  to  employ  the  zeroth  diffraction  order  of  a  lamellar  carrier  grating  instead 
of  the  first  order:  amplitude  and  phase  modulation  of  the  incident  wave  are  accomplished 
through  the  combined  effect  of  groove  depth  and  width  modulation.  In  this  method  the 
signal  remains  on  axis  and  the  efficiency  can  be  as  high  as  it  is  for  the  original  element  with 
continuous  amplitude  and  phase  modulation. 

2.  Design  of  amplitude  and  phase  modulated  elements 

Let  us  proceed  to  determine  the  extent  of  the  decrease  of  diffraction  efficiency  when  amplitude 
and  phase  modulated  elements  are  employed  in  place  of  purely  phase-modulating  elements. 
Consider,  as  a  simple  example,  diffractive  elements  that  split  a  plane  wave  into  a  one-  or  two- 
dimensional  array  of  plane  waves  (Fourier- type  array  illuminator).  The  diffraction  efficiency 
is  defined  as  the  proportion  of  incident  energy  that  is  diffracted  into  the  N  signal  orders. 

Let  us  denote  by  the  complex  amplitude  associated  with  mth  plane  wave  component 
of  the  signal  wave.  This  corresponds  to  mth  diffraction  order  of  the  (periodic)  element.  Then 
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(a)  (bl 


Diffraction  orders  in  zero-frame  Diffraction  orders  in  zero-frame 

Figure  1:  Diffraction  efficiency  as  a  function  of  the  width  of  the  frame  for  the  (a)  3-beam 
splitter  and  (b)  4-beam  splitter.  The  horizontal  dashed  lines  give  the  optimum  efficiencies  of 
the  amplitude  and  phase  modulated  elements. 

the  signal  wave  intensity  distribution  at  the  exit  plane  of  the  element  may  be  written  as 

2 

Is{x)  ^  ^  f„exp(227rma;)  ,  (1) 

m^W 

where  the  period  of  the  element  has  been  assumed  equal  to  unity  and  we  assume  a  nor- 
^  2 

malization  Ylnew  =1-  Since  no  thin  (paraxial-domain)  diffractive  element  can  have  a 
complex-amplitude  transmittance  greater  than  unity,  the  diffraction  efficiency  of  an  element 
that  reproduces  the  signal  wave  exactly  (by  amplitude  and  phase  modulation)  is  given  by 

»7ca  =  IZL,  where  /„ax  =  max  {Is{x)}  .  (2) 

x6(0,l} 

Let  us  assume  that  phase  freedom  is  available,  i.e.,  the  phases  of  fm  may  be  chosen  freely. 
This  permits  us  to  optimize  7/ca  by  minimization  of  Jmax-  Analytic  solutions  are  possible  at 
least  for  N  <  i:  iov  N  =  2  we  have  Tjca  =  for  A  =  3  Tjca  =  3/5  and,  AT  =  4,  T^ca  ~  65.4%. 

Figure  1  illustrates  the  rapid  convergence  of  the  efficiencies  of  continuously  phase  modu¬ 
lated  elements  with  N  —  3  and  N  =  4  towards  the  efficiencies  rjca  when  the  width  of  the  frame 
around  the  signal  window  is  increased.  The  phase-only  modulated  elements  are  designed  by 
a  standard  iterative  Fourier-transform  algorithm. 

For  more  complicated  signals  the  optimization  of  the  phases  must  be  performed  numer¬ 
ically.  We  have  used  to  methods  to  do  this.  First,  we  have  simply  taken  the  signal  phase 
obtained  by  optimization  of  Wyrowski’s  upper  bound  for  diffractive  phase  elements  [3]  and 
computed  7?ca  from  Eqs.  (1)  and  (2).  This,  of  course,  yields  a  completely  error-free  signal,  but 
(somewhat  unexpectedly)  the  efficiencies  T^ub  thus  obtained  are  not  always  very  high:  see  the 
second  column  of  table  1;  the  signal  phases  have  been  taken  from  Ref.  [4]. 
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Table  1:  Efficiencies  of  complex-amplitude  modulating  diffractive  elements  obtained  by  two 
different  methods. 


N 

VVb  (%) 

^clip  (%) 

2 

50 

50 

3 

60 

60 

4 

56.5 

65.8 

5 

55.6 

66.6 

6 

43.2 

62.6 

7 

65.2 

71.1 

8 

56.5 

76.2 

9 

75.7 

79.4 

In  the  second  approach  we  use  a  modified  type  of  iterative  Fourier-transform  algorithm. 
The  signal-plane  constraints  are  such  that  the  amplitude  of  the  signal  is  set  equal  to  the 
desired  value  in  W  and  equal  to  zero  outside  W .  Phase  freedom  is  used  fully.  In  the  plane 
of  the  element  the  signal  wave  is  clipped  during  the  iteration  according  to  a  certain  scheme, 
with  the  aim  of  reducing  The  results  are  shown  in  the  third  column  of  the  table. 

3.  Zeroth-order  encoding  of  amplitude  and  phase 

As  already  mentioned,  it  is  difficult  to  realize  continuous  distributions  of  amplitude  and 
phase  modulation  simultaneously.  First-order  carrier  techniques,  of  which  Lohmann’s  classic 
method  [2]  is  an  example,  can  solve  the  problem.  However,  the  signal  is  generated  off- 
axis.  Moreover,  since  the  first  carrier  order  is  modulated,  the  efficiency  rjcs.  of  the  original 
element  with  continuous  phase  and  amplitude  modulation  must  be  multiplied  by  the  first- 
order  efficiency  of  the  carrier  grating,  which  is  just  over  40%  for  a  binary  phase  carrier. 

Our  approach  is  to  employ  the  zeroth  order  of  a  carrier  grating.  In  this  method  the  noise  is 
deflected  far  away  from  the  optical  axis,  i.e.,  around  the  higher  diffraction  orders  of  the  carrier 
grating.  It  can  be  shown  by  means  of  the  complex-amplitude  transmittance  method  that  if 
we  modulate  both  the  widths  and  the  depths  of  the  grooves  of  a  lamellar  carrier  grating,  the 
amplitude  and  the  phase  of  the  incident  field  can  be  controlled  through  the  efficiency  and 
the  phase  of  the  zeroth  carrier  order.  All  possible  combinations  of  amplitude  and  phase  are 
possible  in  view  of  this  simple  approach,  which  however  fails  when  the  carrier  period  dc  is 
less  than  ~  lOA.  In  that  case  one  must  use  rigorous  electromagnetic  diffraction  theory  to 
determine  the  available  amplitude-phase  combinations  as  illustrated  in  Fig.  2.  The  design 
algorithm  must  then  quantize  the  amplitude  and  phase  to  this  set  of  permitted  values. 
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both  have  16  permitted,  equally  spaced  values  and  (a)  dc  =  4A  (b)  =  8A. 


Figure  3:  Optical  reconstruction  of  a  two-beam  splitter  encoded  with  zeroth-order  complex- 
amplitude  modulation. 

It  is  straightforward  to  extend  the  design  and  encoding  methods  to  two-dimensional  struc¬ 
tures.  For  example,  we  obtained  an  efficiency  T/ciip  of  50.1%  for  a  2  x  2  signal  and  51.76%  for 
a  3  X  3  signal.  In  two-dimensional  encoding  one  can  also  employ  rectangular  pillars  or  holes. 

4.  Experiment 

In  Fig.  3  we  show  a  photograph  of  a  two-beam  splitter  encoded  using  the  scheme  introduced 
here  and  fabricated  by  direct- write  electron-beam  lithography  in  PMMA.  Note  the  large  frame 
around  the  two-spot  signal  and  the  noise  in  the  neighborhood  of  carrier  orders  ±1. 
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INTRODUCTION 

Narrowband  filters  are  important  optical  components  that  have  numerous  applications. 
Conventional  interference  narrowband  filters  suffers  low  peak  efficiency  due  to  the  roughness  of 
the  film  coatings  especially  the  roughness  of  the  spacer  layers.  The  minimum  linewidths  of 
interference  filters  are  typically  1  nm  for  the  visible  regime,  while  the  peak  efficiencies  are  less 
than  40%.  Spectral  stability  of  interference  filters  is  poor  because  spacer  layers  absorb  water 
vapors  and  cause  shifting  of  the  peak  wavelength.  Usually  the  coatings  have  to  be  sandwiched  in 
between  two  substrates,  which  are  then  sealed  along  the  side.  In  addition,  narrowband 
interference  filters  are  structure-complex;  60  layers  are  not  uncommon  for  1  nm  interference 
filters.  The  large  number  of  layers  imposes  great  difficulty  in  the  use  of  advanced  film  deposition 
techniques  such  as  chemical  vapor  deposition  (CVD)  methods. 

Interference  filters  are  based  on  multiple-beam  interference  in  Fabry-Perot  cavities.  To  overcome 
the  difficulties  associated  with  interference  filters,  new  filter  mechanisms  are  called  for.  Resonance 
phenomena  of  grating  diffraction  is  a  suitable  candidate.  Resonant  anomalies  in  grating  diffraction 
has  attracted  much  attention  recently.  The  sharp  reflection  peaks  have  been  suggested  for  use  in 
reflection  filters  ’  ,  security  marks^,  and  dichroic  reflectors  in  microwave  antennas.**  A  few 
experimental  results  have  been  reported  in  the  literature.  Machev  and  Popov  ^  experimentally 
demonstrated  the  resonant  anomalies  from  a  coated  grating.  Gale^  presented  the  measured 
anomalous  reflectivity  of  an  embedded  lamella  grating.  Magnusson  et,  al.^  observed  notches  in 
the  transmission  spectrum  of  a  waveguide  grating  in  the  microwave  region.  Resonant  scattering 
phenomena  in  diffraction  from  two-dimensional  (2D)  gratings,  i.e.  doubly  periodic  or  crossed 
gratings,  has  also  been  investigated  both  theoretically^  and  experimentally.^  In  Ref  7  we 
demonstrated  a  1-nm  FWHM  filter  based  on  a  2D  grating  structure. 

In  this  presentation  we  will  address  several  practical  considerations  involved  in  the  design  and 
fabrication  of  narrowband  resonance  filters. 
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Theoretical  studies  attribute  resonant  anomalies  to  the  excitation  of  guided  modes  supported  by  the 
grating  structure.^  The  resonant  response  can  be  calculated  by  using  rigorous  electromagnetic 
theory  of  diffraction  gratings.  For  the  purpose  of  this  presentation  an  intuitive  picture  is  helpful  for 
understanding  device  operation.  Figure  1  illustrates  a  multiple-beam  interference  picture  of  grating 
resonance  phenomena.  As  the  incident  light  impinges  on  the  grating  structure  it  excites  a  leaky 
waveguide  mode.  Because  of  the  periodic  modulation  of  the  waveguide  structure,  the  radiation  is 
coupled  back  out  as  the  leaky  mode  propagates  along  the  waveguide.  The  light  that  is  coupled  out 
can  be  considered  a  combination  of  beams  scattered  out  at  each  grating  period.  This  view  of 
scattering  establishes  a  picture  of  multiple-beam  interference.  At  a  particular  incident  angle  and 
wavelength,  the  scattered  beams  constructively  interfere  with  each  other,  resulting  in  a  large 
reflected  or  transmitted  intensity.  When  the  incident  wavelength  deviates  from  the  resonance 
condition,  the  scattered  beams  dephase  and  their  amplitudes  decrease,  thus  the  reflection  and 
transmission  rapidly  return  to  their  static  values. 


Transmission 

Figure  1.  Multiple  beam  interference  picture  of  grating  resonance  phenomenon. 

Practical  structures  can  have  more  than  one  layer.  To  support  a  guided  mode,  one  of  the  layers 
needs  to  have  an  index  of  refraction  higher  than  the  incident  medium  and  the  substrate.  I  addition, 
the  layers  must  also  satisfy  thickness  constraints.  In  order  to  excite  a  particular  mode  of  the 
structure,  the  tangential  component  of  the  incident  wave  vector  must  be  matched  via  the  grating 
periodicity  to  the  propagation  constant  of  the  waveguide  mode.  This  resonance  condition  is  given 
by 

ki;c+jK=  Re(p),  (1) 

where  is  the  tangential  component  of  the  incident  wave  vector,  j  represents  any  integer,  K  is  the 
grating  vector  which  is  equal  to  27t/A,  and  (3  is  the  propagation  constant  of  the  leaky  waveguide 
mode.  When  the  coupling  condition  represented  by  Eq.  (1)  is  satisfied,  the  incident  field  will 
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excite  a  leaky  waveguide  mode.  Therefore,  Eq.  (1)  can  be  used  to  determine  the  peak  wavelength 
of  resonance  filters.  The  filter  linewidths  are  governed  by  the  rate  at  which  the  radiation  is 
scattered  out  of  the  structure.  The  faster  the  rate,  the  wider  the  filter  width.  This  is  quite  intuitive 
because  if  the  leaky  waveguide  mode  decays  faster,  there  will  be  less  number  of  beams.  On  the 
other  hand,  it  is  known  from  multiple-beam  interference  concept  that  the  filter  width  is  inversely 
proportional  to  the  number  of  beams.  The  decay  rate  of  the  leaky  mode,  thereby  the  linewidth  of 
the  filter,  is  determined  by  the  imaginary  part  of  its  propagation  constant,  i.e.,  Im(P).^ 

FABRICATION  ISSUES 

Arbitrarily-narrow  linewidths  can  be  designed  for  resonance  reflection  filters  without  complicating 
the  structure.  Basically  a  very  weak  grating  will  do.  The  theoretical  efficiency  is  unity  as  long  as 
the  materials  involved  are  non  absorbing.^  Practically,  the  filter  performance  such  as  peak 
efficiency  is  limited  by  several  factors  that  must  be  considered  in  the  design  and  fabrication 
processes. 

In  contrast  to  thin-film  interference  filters,  a  resonant  grating  filter  can  be  considered  as  a 
transverse  resonance  structure  because  the  resonance  occurs  along  the  grating  plane.  This  type  of 
structure  is  highly  sensitive  to  absorption  of  the  waveguide  materials,  because  the  distance  that  the 
leaky  mode  has  to  propagate  is  mueh  larger  compared  to  the  thickness  or  the  period  of  the 
structure.  Resonant  grating  filters  are  also  highly  sensitive  to  the  roughness  of  the  grating 
structures,  because  grating  roughness  adds  random  phase  into  each  scattered  beam  thus 
diminishing  the  constructive  interference  effect.  Note  that  narrower  linewidth  implies  a  larger 
number  of  beams  and  a  greater  decaying  (coupling)  length.  Thus  for  given  materials  and  level  of 
grating  roughness,  the  narrower  the  linewidth  the  lower  the  peak  efficiency.  Furthermore, 
excessive  material  absorption  may  also  have  the  effect  of  broadening  the  linewidth. 

The  divergence  or  the  size  of  the  incident  beam  is  another  factor  that  can  limit  the  peak  effieiency^, 
because  in  general  a  narrow  spectral  response  is  associated  with  a  sharp  angular  response.  For  a 
collimated  beam,  the  diameter  of  the  beam  needs  to  be  a  few  times  larger  than  the  decay  length  so 
that  the  degradation  of  the  peak  efficiency  is  negligible.  The  size  of  the  grating  needs  to  be  only 
slightly  larger  than  the  size  of  the  beam  so  that  the  leak  waveguide  mode  does  not  see  the  edge  of 
the  grating. 

Despite  these  limits,  resonance  structures  with  linewidth  of  1  nm  (FWHM)  or  less  and  high 
efficiency  have  been  fabricated.  The  peak  efficiency  and  linewidth  obtained  already  well  exceed 
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that  of  commercial  interference  filters.  Figure  2  illustrates  the  measured  spectral  and  angular 
response  of  a  ID  grating  resonance  structure.  It  can  be  seen  that  the  peak  efficiency  is  greater  than 
90%  while  the  FWHM  is  1.2  nm.  The  sidelobe  is  relatively  high  because  for  this  initial  experiment 
the  film  thickness  was  not  designed  for  the  780-nm  wavelength. 


(a)  (b) 

Figure  2.  Measured  spectral  and  angular  response  of  a  ID  grating  resonance  structure. 
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Introduction 

We  consider  the  implementation  of  several  standard  optical  components  by 
means  of  diffraction  gratings.  The  motivation  depends  on  the  particular  grating 
employed.  A  binary  surface  relief  grating,  in  fused  silica,  for  example,  may  provide 
greater  robustness  than,  say,  a  multi-layer  thin  film.  This  is  significant  for  high  power 
laser  systems.  Alternatively,  gratings  manifesting  the  so-called  guided-mode 
resonance  (GMR)  [1],  or  resonance  type  Wood  anomaly,  are  of  interest  because 
ideally  they  give  a  very  high  performance  for  certain  optical  functions. 

In  particular,  we  discuss  the  use  of  GMR  and  Bragg  gratings  as  beam 
deflectors.  In  the  former  case  we  attempt  to  maximise  the  bandwidth  and  fabrication 
error  tolerance.  The  term  Bragg  grating  implies  that  the  grating  is  designed  for 
incidence  beams  satisfying  the  Bragg  condition.  We  study  these  more  thoroughly  as 
beamsplitters  and  polarising  elements,  where  we  concentrate  on  restricting  the  relief 
depth  of  the  grating  as  far  as  possible.  Finally,  the  performance  of  a  3  wavelength 
harmonic  separation  filter  (HSF)  designed  by  scalar  diffraction  theory  is  examined  as 
the  resonance  domain  is  entered.  The  results  are  significant  for  optical  systems  of 
large  aperture  or  short  length.  In  these  cases  the  period  of  a  grating  HSF  needs  to  be 
small  enough  to  ensure  the  unwanted  higher  orders,  containing  the  discarded 
wavelengths,  do  not  overlap  the  required  0th  order  beam  at  the  entrance  pupil  of  the 
element  following  the  HSF. 

Beam  Deflectors 

Single  groove  square  profile  high  spatial  frequency  Bragg  gratings  are 
generally  known  to  be  capable  of  providing  high  efficiency  beam  deflection  into  the 
-1st  transmitted  order.  For  example,  a  fused  silica  grating  (refractive  index,  n  =  1.45) 
with  a  period,  d  =  1/V2  X  ,  a  thickness,  t  =  1.47  X.  and  an  almost  central  transition 
point,  p,  gives  96.9%  efficiency  when  illuminated  with  a  TE  polarised  plane  wave  at 
45°  to  the  normal.  Gratings  of  this  sort  are  being  considered  for  use  in  very  high 
power  laser  systems  [2,3]. 

It  is  also  easy  to  design  square  profile  GMR  gratings,  operating  in  reflection, 
which  are  capable  of  beam  deflection  with  100%  peak  efficiency.  Methods  of 
controlling  the  resonance  shape  and  sidelobes  have  been  discussed  in  reference  [4]. 
The  practical  problem  we  address  here  is  the  extremely  tight  fabrication  tolerances 
required  to  achieve  a  specified  design.  We  attempt  to  maximise  the  (wavelength) 
bandwidth  in  the  hope  that  the  performance  of  the  resulting  grating  will  be  less 
susceptible  to  variations  in  all  design  parameters,  and  hence  ease  the  fabrication 
difficulties.  The  device  will  then  not  be  so  suitable  as  a  narrowband  filter,  of  course, 
but  alternative  applications  become  possible. 
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We  optimise  the  GMR  beam  deflectors  using  a  simple  ID  optimisation 
technique,  which  we  apply  in  turn  to  all  free  parameters:  period,  thickness  and 
transition  point.  The  incidence  angle  is  fixed  at  45°,  ensuring  90°  deflection.  The 
refractive  index  of  the  grating,  i.e.  of  the  rectangular  blocks  on  the  substrate,  is  3.4 
(e.g.  silicon  in  the  infra-red)  and  the  substrate  index  is  1.45  (e.g.  fused  silica  in  the 
near  infra-red,  and  barium  fluoride  over  a  wider  range  in  the  infra-red).  The  bandwidth 
is  maximised  by  calculating  the  performance  for  many  wavelengths  at  each  stage  in 
the  optimisation  process.  In  figure  (1)  the  increase  in  bandwidth  is  shown  by 
comparison  with  that  obtained  for  an  optimisation  based  solely  on  peak  efficiency. 
Unfortunately,  there  is  not  a  corresponding  increase  in  the  tolerance  to  fluctuations  in 
design  parameters.  Clearly,  the  link  between  bandwidth  and  tolerances  is  not  strong 
enough.  The  merit  function  must  specify  our  requirements  more  precisely.  The  results 
of  this  further  stage  in  the  study  will  be  presented  at  the  conference. 


Figure  1:  Bandwidth  of  GMR  Beam  Deflectors 


Polarising  Elements 

The  second  device  we  investigate  is  a  binary  phase  grating,  operating  at  Bragg 
incidence,  which  is  optimised  for  near  100%  0*'’  order  efficiency  for  TM  polarised 
waves  and  near  0%  0“'  order  efficiency  for  TE  waves.  The  grating  is  designed  by 
optimising  the  thickness,  transition  point  and  period.  We  ensure  Bragg  incidence  is 
maintained  when  the  period  is  altered,  by  changing  the  incidence  angle  to  the 
appropriate  value.  The  dependency  of  the  incidence  angle  reduces  the  number  of 
parameters  and  allows  the  optimisation  to  proceed  more  successfully.  This,  of  course, 
would  not  be  true  if  Bragg  gratings  were  not  good  solutions  to  the  problem.  The 
optimised  grating  is  described  by  the  following  data:  t  =  1.235  d  =  0.601  X  and  p  = 
0.4155.  It  diverts  all  (99.9%  )  the  TM  polarised  light  in  a  mixed  polarisation  beam, 
incident  at  the  Bragg  angle,  into  the  O"’  transmitted  order,  acting  as  a  linear  polariser. 
The  TE  light  is  almost  wholly  distributed  between  the  -1®‘  transmitted  and  0*'’  reflected 
orders.  Only  0.05%  appears  in  the  O'*’  transmitted  order.  However,  there  is  a 
fabrication  challenge.  The  optimal  design  requires  a  large  aspect  ratio  (grating 
thickness  to  smallest  transverse  structural  distance)  of  about  5,  which  is  near  the  limit 
of  what  can  be  routinely  fabricated. 
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A  polarisation  beamsplitter,  providing  93.6%  TE  in  the  -1^‘  transmitted  order 
and  99.9%  TM  in  the  0*'’  transmitted  order,  and  with  a  similar  aspect  ratio,  has  also 
been  designed.  This  performance  is  marginally  inferior  to  the  polarising  beamsplitter 
reported  by  Noponen  et  al.  [5],  but  the  aspect  ratio  is  much  superior.  Their  grating 
groove  width  is  narrow  and  results  in  an  aspect  ratio  of  nearly  17.  This  comparison 
demonstrates  the  relevance  of  aspect  ratio  control  in  grating  design. 


Beamsplitters 

Often  it  is  necessary  to  divide  a  beam  into  two  or  more  component  parts  with  a 
pre-specified  power  ratio  between  beams.  We  concentrate,  here,  on  the  two  output 
beam  device,  i.e.  the  standard  beamsplitter.  We  use  simple  Bragg  gratings  operating  in 
the  resonance  regime.  The  grating  period  is  1/V2  X  to  ensure  that  the  -1®‘  order  makes 
an  angle  of  90  degrees  to  the  input  beam,  which  is  incident  at  an  angle  of  45  degrees 
to  the  grating  normal.  We  attempt  to  split  the  linearly  polarised  incident  beam 
between  the  O"’  and  -1*'  transmitted  orders,  with  relative  efficiencies  corresponding  to 
the  required  beamsplitting  ratios.  We  present  design  parameters  for  splitting  ratios 
ranging  from  1:9  through  to  9:1.  The  ratio  is  given  as  the  0*'’  order  efficiency  followed 
by  the  -1®‘  order  efficiency.  All  the  gratings  were  presumed  to  have  a  refractive  index 
of  1.45,  corresponding  to  fused  silica  at  optical  wavelengths. 

We  found  that  the  thickness  and  transition  point  could  be  optimised  to  produce 
gratings  whose  diffracted  orders  closely  approached  the  required  efficiencies.  To 
assess  the  ease  of  fabrication  of  the  gratings  we  use  the  aspect  ratio,  i.e.  the  ratio  of 
grating  thickness  to  minimum  transverse  feature  size.  A  large  aspect  ratio  implies  a 
deep  groove  grating  which  is  difficult  to  fabricate.  The  success  of  the  optimisation 
often  depends  strongly  on  the  maximum  aspect  ratio  which  the  grating  is  allowed,  as 
figure  (2)  illustrates.  It  is  easier  to  obtain  an  optimal  design  with  a  small  aspect  ratio, 
for  TE  than  for  TM  illumination,  and  when  the  amount  of  power  in  the  zeroth 
transmitted  order  is  greatest. 


Figure  2:  The  Efficiency  of  a  1:9  Beamsplitter  vs.  Maximum 

Aspect  Ratio 


Harmonic  Separation  Filter 

HSF’s  are  useful  in  frequency  doubling  and  tripling  schemes  where  it  is 
necessary  to  eliminate  unwanted  harmonic  components.  We  look  in  detail  at  a 
frequency  tripled  Nd:YAG  1.054  pm  wavelength  laser,  assuming  a  type  I  -  type  II 
tripling  scheme.  Significant  amounts  of  fundamental  (TE  polarised)  and  second 
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harmonic  (TM  polarised)  frequencies  are  left  in  the  main  beam  as  a  result  of  the  non¬ 
linear  mixing  process.  They  can  be  eliminated  using  a  grating,  based  on  work  on 
colour  separation  gratings  by  Dammann  [6],  which  puts  all  the  X,/3  into  the  0‘ 
transmitted  order  and  all  the  XU  and  X  into  the  and  -1"‘  transmitted  orders 
respectively.  The  grating  consists  of  a  three  level  staircase  surface  relief  profile  with  a 
carefully  chosen  thickness.  For  large  period  components  the  angular  separation 
between  the  different  harmonics  is  small,  implying  a  large  post  filter  propagation 
distance  in  order  to  effectively  discriminate  between  them.  However,  as  the  period  is 
reduced  the  approximations  of  scalar  theory  under  which  the  original  design  was 
produced  become  less  valid.  For  this  reason  it  is  important  to  investigate  the 
performance  using  rigorous  diffraction  theory,  as  is  clearly  shown  in  figure  (3). 
Rigorous  re-optimisation  of  the  structure  provides  no  significant  improvement  in  the 
performance  in  this  regime. 


Figure  3:  Performance  of  a  3  wavelength  HSF  as  the 

period  varies. 
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Microoptic  devices^’^^as  shown  in  fig.l  are  becoming  standard  optical 
components  by  recent  development  in  optical  imaging  systems  and  fiber 
communication  systems  because  of  2-D  configuration  facility  and  mass 
productivity  using  replicating  technique^b  In  particular,  LCD  systems  have 
been  grown  up  very  fast  in  these  few  years  and  will  be  a  promising  industrial 
field  of  microoptic  devices.  For  this  purpose,  area  size  must  be  increased  from 
a  few  mm  to  a  few  10  cm,  while  pm  feature  size  is  still  remained,  and  this  is 
called  giant  microoptics. 

In  this  paper,  we  review  the  giant  microoptic  devices  using  replicating 
technique  for  the  LCD  systems. 

A  novel  planar  microlens  arrays)  for  the  use  in  high  definition  LC-  projectors, 
in  which  microlens  array  is  built  in  the  counter  substrate  of  the  LCD,  is  shown 
in  fig.2.  In  a  conventional  structure,  focal  length  is  restricted  by  the  thickness 
of  the  counter  substrate  so  that  it  is  difficult  to  achieve  high  light  power  passing 
through  the  pixel  aperture  in  proportion  to  the  increasing  pixel  density.  A 
main  advantage  of  the  planar  microlens  array  is  to  realize  the  short  focal  length 
and  optimize  the  focal  spot  size  correspondent  to  the  pixel  aperture  size  so  as  to 
enhance  screen  brightness  as  shown  in  fig.3.  The  microlens  array  consists  of 
1.3million  rectangular  microlenses  of  24pm  X  34pm  and  is  formed  onto  the  base 
glass  substrate  with  a  diameter  of  8”  using  stamping  replication  method.  A 
cover  glass  substrate  with  thickness  as  small  as  100pm  is  stacked  onto  the 
micronlens  array  using  an  optical  adhesive  as  shown  in  fig.4.  The  electrode 
and  the  black-matrix  are  formed  on  to  the  cover  substrate.  The  substrates 
have  same  material  as  that  of  the  LCD  in  order  to  achieve  thermal  reliability 
during  LCD  fabrication  process.  The  replication  accuracy  of  size  less  enough 
than  pixel  aperture  size  for  8”  wafer  is  required.  Another  requirement  is  to 
realize  the  accuracy  of  thickness  of  optical  adhesive  to  be  less  than  focal  depth. 
We  have  developed  a  stamping  replication  system,  in  which  replication  accuracy 
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of  size  less  than  i2|j,m  and  that  of  thickness  less  than  i  10|ani  was  achieved, 
respectively.  Consequently,  the  screen  brightness  was  improved  1.7  times 
higher  for  high  definition  LC-projector. 

Fig.5  shows  an  optical  low  pass  filter  with  sinusoidal  cross  sectional  profile. 
LCDs  comprising  a  regular  structure  of  pixel  selectively  induce  undesirable 
image  sampling  noise.  Optical  low  pass  filter,  which  is  located  between  the 
LCD  and  viewer,  is  one  of  the  suitable  methods  to  effectively  reduce  the 
sampling  noise  as  shown  in  fig.6.  Appl5dng  optical  low  pass  filter  to  the  LCDs  , 
it  is  necessary  to  reduce  sampling  frequency  without  reducing  image  spectrum 
in  order  to  avoid  image  degradation.  For  this  purpose,  the  development  of 
optical  low  pass  filter  with  efficiency  as  high  as  70%  is  one  of  the  crucial  issues, 
in  which  efficiency  means  the  ratio  of  the  sum  of  transmitted  light  power  and 
first  diffracted  light  power  to  total  input  light  power.  We  have  developed  an 
optical  low  pass  filter  with  2-D  sinusoidal  cross  sectional  profile.  The 
sinusoidal  pattern  was  formed  onto  4”  square  substrate  using  molding 
replication  method.  The  pitch  size  and  pattern  depth  is  10pm  and  0.5pm, 
respectively.  The  measured  efficiency  was  as  high  as  85%  and  the  deviation 
less  than  5%  for  4”  square  was  obtained,  which  corresponds  to  pattern  thickness 
of  0.04  pm. 

Fig.7  shows  the  pictures  of  color  image  displayed  on  the  LCD  with  low  pass 
filter  (a)  and  without  low  pass  filter  (b).  One  can  recognize  that  the  image 
quality  is  effectively  improved  by  low  pass  filtering  effect.  These  low  pass 
filters  are  now  commercially  available. 

A  microprism  array  with  asymmetry  cross  sectional  profile  is  shown  in  figure  6. 
Low  power  consumption  is  thought  to  be  attractive  for  portable  flat  LCDs 
because  of  long  battery  life  time.  The  microprism  array  functions  as  light 
output  angle  selective  devise,  whereby  the  light  output  at  normal  angle  is 
emitted  and  the  other  light  is  reflected  to  the  lightguide.  In  addition,  the 
reflected  light  is  scattered  in  the  lightguide  and  strikes  to  this  device  again. 
This  operation  enables  to  enhance  the  light  output  intensity  at  normal  angle. 
Taking  account  of  the  asymmetry  of  light  output  distribution  from  the 
lightguide,  the  microprism  was  designed  to  have  asymmetry  right-angled 
triangle  configuration,  which  was  formed  onto  flexible  film  using  stamping 
replication  method.  This  structure  makes  it  possible  to  effectively  select  the 
light  output  at  normal  angle.  The  area  size  and  pattern  pitch  is  5”  square  and 
50pm,  respectively.  Fig.7  shows  the  experimental  results  of  light  output 
distribution  from  the  lightguide.  The  light  output  intensity  at  normal  angle 
1.4  times  as  large  as  that  without  microprism  array  was  achieved. 
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We  introduced  giant  microoptic  devices  for  LCD  systems.  This  technology 
will  he  very  helpful  for  the  development  of  not  only  the  LCD  systems  but  also 
other  advanced  optical  imaging  systems. 
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Fig.  1.  Microlens  array  with  hexagonal  aperture. 
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Fig, 3.  Focusing  effect  of  microlens:  a)  planar 
microlens  b)  conventional. 
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Fig,2.  Schematic  illustration  of  the  planar 
microlens  array. 


Fig, 4.  Photograph  of  cross  section  of 
the  planar  microlens  array. 
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Fig.5.Top  view  of  the  optical  low  pass  filter:  equal 
thickness  fringes. 
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Fig. 6,  Configuration  of  LCD  setup  with 
optical  low  pass  filter. 


Fig.  7.  Experimental  results  for  color  image  displayed 
on  the  LCD:  a)  with  low  pass  filter  b)  without 
low  pass  filter. 
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Fig.8:  SEM  photograph  of  the  microprism  array. 


Fig. 9.  Experimental  results  of  light  output 
distribution:  relative  light  intensity  to 
angle  with  respect  to  the  surface  of 
microprism  array. 
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Color  Separation  Echelon  Gratings 
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Color  discrimination  by  wavelength  bands  has  a  large  number  of  military  and  commercial 
applications.  In  the  infrared  portion  of  the  spectmm,  wavelength  separation  allows  better 
temperature  discrimination  of  thermally  emissive  objects.[l]  In  the  visible  portion  of  the  spectrum, 
a  device  which  separates  white  light  into  red,  green,  and  blue  wavebands  without  loss  of  energy 
could  increase  the  efficiency  of  color  sensors.  An  echelon-like  grating  stmcture  [2,3]  separates 
electromagnetic  radiation  of  different  wavelengths  according  to  diffraction  order  rather  than  by 
dispersion  within  one  diffraction  order  as  would  be  the  case  for  a  conventional  prism-type  grating, 
as  shown  schematically  in  Figure  1. 

A  prototype  grating  has  been  designed  to  disperse  red  light  (650  nm)  into  the  -1  order, 
green  light  (525  nm)  into  the  0  order,  and  blue  light  (420  nm)  into  the  +1  order.  When  combined 
with  a  collimated  illuminator  and  a  microlens  array,  it  produces  arrays  of  red,  green,  and  blue  spots 
that  can  be  individually  controlled.  The  echelon  grating  has  a  4-|xm  grating  period,  a  four-phase- 
level  profile  and  a  96  mm  diagonal  (75  mm  x  60  mm  rectangle).  The  grating  consists  of  4  steps, 
each  with  a  physical  depth  of  d=Xo/(no-l),  where  Xq  is  the  wavelength  at  which  the  zero-order 
diffraction  efficiency  is  maximized,  and  n©  is  the  refractive  index  at  Xq-  The  grating  period  is 
determined  by  Xq  and  the  spatial  coherence  of  the  illumination  source  (currently  having  a 
divergence  of  ~6°).  For  a  center  design  wavelength  of  525  nm  and  no  of  1.46,  each  of  the  l-fim- 
wide  steps  is  1.14  |xm  deep,  for  a  total  etch  depth  of  3.42  |im.  Fabrication  of  echelon-like  color 
separation  gratings  requires  critical  control  over  the  etch  depth  (within  10-30  nm),  the  etch  profile 
(vertical  sidewalls),  and  etch  uniformity  across  the  grating  area. 

The  gratings  were  processed  in  a  silicon  fabrication  facility  according  to  the  usual  binary 
optics  technology  prescription,  i.e.,  two  cycles  of  lithography  and  etching  were  needed  to  produce 
the  four  phase  levels.  Processes  were  developed  to  fabricate  the  transparent,  nonconducting  fused 
silica  wafers  without  modifying  the  Si-processing  equipment.  The  gratings  were  patterned  using 
an  i-line  (365  nm),  5x  reduction,  projection  step  and  repeat  optical  lithography  system.  The  i-line 
stepper  had  a  15  mm  x  15  mm  field.  Accordingly,  four  rows  of  five  15-mm  square  grating  blocks 
were  stepped  across  the  wafer  to  create  the  75  mm  (x)  x  60  mm  (y)  continuous  patterned  area. 
Stitching  errors  in  the  y-direction  ranged  between  0.2  -  1  |J.m.  Strict  control  of  both  exposure  and 
development  parameters  are  needed  to  achieve  the  50%  duty  cycle  required  for  these  binary  optics 
gratings.  Overlays  between  the  two  lithography  levels  of  better  than  0.2  |j,m  across  the  4"  wafer 
(0.15  [im+0.1  |j,m  for  a  test  pattern)  were  achieved  on  the  stepper  using  global  alignment.  Wafers 
were  then  etched  in  a  parallel-plate  reactive  ion  etching  (RIE)  system  to  the  target  depth.  Etch 
depths  were  controlled  by  etch  time. 

The  performance  of  the  echelon  grating  has  been  modeled  using  scalar  diffraction  theory 
(which  is  valid  for  periods  much  larger  than  the  wavelength  and  shallow  etch  depths)  and  rigorous 
EM  diffraction  calculations,  as  shown  in  Figure  2.  The  EM  calculations  assume  TE  polarization 
and  normal  incidence  (TM  polarization  results  are  slightly  worse).  Results  are  normalized  to  the 
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total  transmitted  light.  Because  the  grating  depths  for  the  echelon  are  not  negligible,  50-60% 
efficiency  is  predicted  by  the  EM  calculations  vs  the  80-90%  efficiency  predicted  by  scalar  theory. 
The  effects  of  processing  variations  on  grating  performance  have  also  been  modeled.  The 
simulations  indicate  that  the  etch  depth  errors  must  be  less  than  3%  of  the  minimum  step  height  for 
the  device  to  function  well.  Variations  in  etch  depth  shift  the  center  frequency  to  shorter 
wavelengths  if  the  grating  is  too  shallow  and  to  longer  wavelengths  if  the  grating  is  too  deep. 

The  grating  operation  can  be  observed  using  a  transmission  microscope  and  a  microlens 
array.  The  microlens  array  (either  200  |im  =F/2  photoresist  lenses  or  500  |im  diameter  F/4 
Coming  SMILE  lenses)  placed  on  top  of  the  grating  which  is  illuminated  from  below  collects  the 
dispersed  light.  Color  is  analyzed  via  a  series  of  color  filters  placed  over  the  light  source. 
Preliminary  evaluation  of  the  color  separation  optic  reveals  that  the  central  zero  order  transmits 
green  light,  with  the  red  diverted  into  the  -1  order  and  the  blue  diverted  into  the  +1  order.  More 
detailed  spectroscopic  and  efficiency  measurements  made  on  these  grating  will  also  be  presented. 
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Figure  1  Color  separation  by  dispersion  in  a  conventional 
stepped  grating  (a)  versus  the  binary  optics  echelon  grating  (b). 
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Figure  2  Predicted  spectral  efficiency  as  a  function  of 
wavelength  for  both  the  scalar  diffraction  theory  model  and 
rigorous  electromagnetic  calculations.  The  -1,0,  and  +1 
order  efficiencies  are  plotted  as  a  function  of  wavelength. 
The  diffraction  efficiencies  of  all  other  orders  are  summed 
and  plotted  as  "all  other  orders". 
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1.0  Introduction 

In  this  paper,  we  present  an  application  of  microlens- 
based  Hartmann  wavefront  sensors.  The  wavefront 
sensors,  which  employ  arrays  of  one-dimensional 
cylindrical  microlenses,  are  used  in  a  multiview 
optical  tomography  system  to  provide  a  nonintrusive 
measurement  of  a  dynamic  heated  air  jet  flow.  A 
number  of  linear  Hartmann  sensors  is  arranged 
around  the  circumference  of  the  region  of  interest 
(Figure  1).  The  tomography  system  uses  the  multiple 
simultaneous  wavefront  measurements  around  the 
circular  Jet  to  reconstruct  two-dimensional  estimates 
of  the  index-of-refraction  variations  in  the  flow. 

High  speed  sampling  of  the  flow  enables 
reconstruction  of  three-dimensional  organized 
structures  present  in  the  flow. 

One-dimensional  Hartmann  sensors  enable  high 
resolution  wavefront  measurements  at  rates  of  several 
kilohertz.  These  one-dimensional  Hartmann  sensors 
consist  of  an  array  of  cylindrical  microlenses  that 
focus  an  incident  wavefront  onto  a  linear  charge- 
coupled  device  (CCD)  detector  array.  The  Hartmann 
sensors  measure  the  tilt  variations  on  the  wavefront 
in  the  direction  perpendicular  to  the  flow  axis  by 
measuring  the  displacement  of  each  focused  spot  on 
the  CCD  array  from  its  on-axis  position.  The 
wavefront  error  or  optical  path  difference  (OPD)  is 
then  calculated  by  integrating  the  microlens 
deflection  measurements.  The  OPDs  from  the 
multiple  sensor  system  are  combined  by  a 
reconstruction  algorithm  to  produce  a  two- 
dimensional  estimate  of  flow  structures  in  the  area  of 
the  sampling  plane,  where  all  the  beams  intersect  (see 
Figure  1).  Here,  we  present  results  using  the 
Algebraic  Reconstruction  Technique  (ART),^ 
although  other  reconstruction  methods  are  being 
investigated  for  this  application. 

For  the  tomographic  system,  the  lens  array  was 
designed  to  match  the  CCD  array  in  length.  The 
CCD  array  of  the  Dalsa  CL-C4  2048  cameras  contain 
2,048  pixels  in  28.4  mm,  thus  each  pixel  is  14  pm 
across.  The  microlens  design  currently  in  use 
consists  of  64  microlenses  each  448  pm  in  width. 


Array 

Figure  L  Optical  phase  tomography  measurement 
system.  In  this  system,  a  number  of  wavefront  sensor 
measurements  is  made  simultaneously  around  the 
region  of  interest. 

The  microlenses  were  designed  for  use  with  laser 
diodes  at  a  wavelength  of  670  nm,  and  the  lenses 
have  a  focal  length  of  37.4  mm.  The  Hartmann 
wavefront  sensor  is  the  basic  unit  of  the  tomography 
system  described  in  the  following  sections. 

2.0  Single  View  Subsystem 
A  wavefront  sensor  is  combined  with  a  laser  light 
source  to  form  one  view  of  the  optical  tomography 
system.  A  schematic  diagram  of  a  single  view  unit  is 
shown  in  Figure  2.  The  light  source  consists  of  a 
670  nm  laser  diode  and  a  laser  beam  expander.  Laser 
diodes  were  chosen  because  of  their  small  physical 
size  and  inexpensive  cost.  The  laser  diode  produces 
an  astigmatic  beam.  However,  this  does  not  cause  a 
problem  for  the  one-dimensional  Hartmann  sensor 
since  the  laser  beam  perpendicular  to  the  sensor  axis 
only  has  to  be  as  large  as  the  dimension  of  a  pixel  in 
the  CCD  array.  The  laser  beam  expander  was  chosen 
to  over  expand  the  output  beam  in  relation  to  the 
length  of  the  Hartmann  sensor  so  that  the  central 
portion  of  the  beam  is  sampled.  This  provides  a 
more  uniform  intensity  profile  across  the  entire 
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Figure  2.  A  single  view  of  the  tomography  system 
consisting  of  the  wavefront  source  and  the  Hartmann 
wavefront  sensor. 

Hartmann  sensor,  thus  maintaining  approximately  the 
same  signal-to-noise  ratio  for  each  microlens. 

While  the  spatial  resolution  of  the  system  in  the 
reconstruction  plane  is  fixed  by  tomographic 
performance,  the  spatial  resolution  in  the  direction 
perpendicular  to  the  reconstruction  plane  is 
determined  by  the  dimension  of  the  pixel  and  the  rate 
at  which  the  wavefront  measurements  are  taken.  The 
flow  generation  system  is  designed  to  produce  a 
3-8  m/s  flow.  At  the  8  m/s  flow  speed  and  a  5.0  kHz 
sample  rate,  the  14  pm  pixels  integrate  a  1.6  mm 
region  of  the  flow  in  the  streamwise  direction.  The 
integration  size  is  decreased  to  approximately 
1.0  mm  using  electronic  gating  of  the  cameras.  The 
height  alignment  of  the  views  of  the  system  to  each 
other  is  critical  due  to  the  14  pm  pixel  height.  The 
design  requirement  to  resolve  millimeter  sizes  in  the 
flow  determines  the  alignment  error  that  can  be 
tolerated  between  the  views  of  the  system. 

The  measurement  of  the  wavefront  aberration 
consists  of  two  parts.  First,  a  reference  measurement 
is  taken  with  no  aberrating  media.  The  second 
measurement  is  taken  with  the  aberration  in  place. 
Using  the  difference  between  two  spot  locations  at 
the  CCD  array  eliminates  exact  positioning 
requirements  of  the  microlenses  with  respect  to  the 
CCD  array  and  also  eliminates  some  problems 
attributable  to  the  quality  of  the  wavefront.  The  time 
lag  between  the  initial  and  displaced  spot 
measurements  must  be  small  enough  to  minimize 
changes  in  the  environment  and  in  the  wavefront 
which  affect  the  spots. 

Noise  levels  in  the  system  were  found  to  be  larger 
than  expected  due  to  environmental  conditions.^  The 
optical  mounting  system  was  chosen  to  ensure 


stability  and  to  reduce  the  effect  of  vibrations  on  the 
system.  A  small  movement  in  the  alignment  between 
the  cameras  and  the  microlens  array  produces  a 
change  in  the  reference  spot  location  for  each 
measurement,  creating  vibration  isolation  issues  in 
the  mounting  design.  Therefore,  large  mounting 
hardware  was  used  to  increase  the  stability  of  all  the 
components  in  the  system.  Another  cause  for  errors, 
which  grows  worse  with  time,  is  the  heating  of  the 
cameras.  The  wavefront  sensor  can  measure  the 
convection  of  hot  air  off  the  faceplate  of  the  cameras, 
therefore  a  cooling  system  was  required.  The 
cameras  were  cooled  by  water  flowing  through  a  tube 
built  into  the  faceplate  mount  of  the  camera.  The 
water  rate  and  pressure  were  kept  low  to  ensure  that 
no  noise  was  induced  due  to  any  vibrations  from 
water  surges  through  the  cameras. 

3.0  Multiview  Tomographic  System 
A  schematic  diagram  of  the  8-view  tomographic 
system  is  shown  in  Figure  3.  In  our  current  system, 
each  view  is  equally  spaced  around  the  jet,  although 
variations  of  this  configuration  will  be  investigated  in 
the  future. 

Both  the  source  and  wavefront  sensor  portions  of 
each  view  were  placed  on  a  mounting  disk  with 
circular  rails  in  order  to  make  the  alignment  of  the 
system  easier.  The  rail  mounting  system  also 
simplifies  reconfiguring  the  optics  for  a  different 
arrangement.  The  nozzle  was  designed  to  move  up 
and  down  in  the  middle  of  the  optical  system  without 
effecting  the  optical  alignment,  so  that  various 
downstream  locations  in  the  flow  could  be  examined. 


Figure  3.  Multiview  Tomography  System 
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The  use  of  one-dimensional  Hartmann  sensors 
greatly  simplifies  the  recording  of  the  data  from 
multiple  sensors  in  the  tomography  system  at  the 
speed  desired.  However,  the  aggregate  rate  of  eight 
one-dimensional  cameras  exceeds  the  common 
acquisition  systems  currently  available.  Each  camera 
contains  a  2,048  x  1  CCD  array  and  can  be  read  out 
at  rates  of  60  Mega-pixels/s.  Off-the-shelf  VME 
analog-to-digital  converter  boards  were  found  that 
could  sample  4  channels  simultaneously  with  12  bits 
of  resolution  at  rates  up  to  3 1  MHz.  Two  such 
boards  were  used  in  the  8-view  system.  Timing 
electronics  were  custom  made  to  provide  the  signals 
to  synchronize  and  operate  the  cameras 
simultaneously.  The  electronics  also  enable  the 
cameras  to  be  electronically  gated  to  reduce  the 
exposure  time;  this  gating  ensures  that  the  flow  is 
considered  ‘frozen’  with  respect  to  the  scale  sizes 
present,  reducing  the  smearing  of  objects  across  the 
wavefront  sensor. 

The  performance  of  the  tomography  system  in 
reconstructing  the  density  fluctuations  in  the  flow 
was  estimated  using  simulations  of  propagating  light 
through  a  known  model  of  varying  phase  structures. 
These  simulations  were  performed  to  determine  the 
requirements  of  the  number  of  views  in  the  system 
and  the  number  of  microlenses  required  in  the 
Hartmann  sensor  for  adequate  spatial  resolution.  The 
number  of  microlenses  chosen  was  64  based  on 
previous  results^  and  research  described  in  an 
accompanying  paper  at  this  conference.  The 
number  of  views  was  selected  based  on  a  trade 
between  cost  and  the  ability  to  adequately  resolve  the 
objects  of  interest  in  the  flow. 

A  novel  image  quality  metric  was  used  to 
quantitatively  evaluate  the  performance  of  the 
reconstruction.^  This  metric  indicates  the  amount  of 
correlation  between  a  truth  image  and  the 
reconstructed  image  as  a  function  of  spatial 
frequency.  The  correlation  metric  is  particularly 
useful  for  discriminating  signal  from  noise  when  the 
reconstruction  is  corrupted  by  high  spatial  frequency 
noise  introduced  by  the  tomographic  reconstruction 
process. 

We  define  the  effective  resolution  of  our  tomography 
system  as  the  smallest  feature  size  in  flow 
reconstruction  that  has  a  correlation  above  60 
percent.  Features  larger  than  this  limit  are  well 
resolved  by  the  system.  Figure  4  shows  a  plot  of  the 
effective  resolution  as  a  function  of  the  number  of 
views  with  varying  amounts  of  noise  added.  The  plot 


Figure  4.  The  correlation  performance  metric  result 
as  a  function  of  the  number  of  views  in  a  tomography 
system. 

shows  that  the  benefit  of  using  more  than  8-10  views 
is  small  in  comparison  to  the  increasing  cost  and 
design  complexity  of  adding  more  views.  Eight 
views  were  chosen  in  our  particular  system,  which  is 
also  a  convenient  number  for  obtaining  the  fast  data 
acquisition  system  needed  to  record  the  camera  data. 

4.0  Results 

The  8-view  tomography  system  is  operational  and 
has  been  used  to  image  index  of  refraction  and 
temperature  in  air  flow  cross-sections.  A  photograph 
of  the  implemented  tomography  system  is  shown  in 
Figure  5.  Figure  6  shows  results  for  a  “known”  object 
formed  by  placing  a  mask  over  the  flow  nozzle.  The 
mask  produces  three  circular  regions  of  warm  air 


Figure  5.  The  laboratory  setup  of  the  optical 
tomography  system  in  the  Fast  Optical  Tomography 
of  Turbulent  Organized  Structure  (FOTTOS) 
laboratory  at  Phillips  Laboratory,  KAFB,  NM. 
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with  a  lower  index  of  refraction  than  the  surrounding 
areas.  A  drawing  of  the  mask  used  is  shown  in 
Figure  6a.  The  optical  tomography  system  was 
aligned  as  close  to  the  nozzle  subapertures  as 
possible  in  order  to  reconstruct  the  laminar  region  of 
the  flows.  The  system  was  used  to  measure  the 
index-of-refiraction  variations  caused  by  the  mask, 
and  the  resultant  reconstruction  is  shown  in  Figure 
6b. 

Figure  7a  is  an  image  obtained  by  filling  the  half  inch 
diameter  flow  generating  system  with  smoke  and 
taking  a  picture  of  the  cross-sectional  smoke 
variations  in  the  jet.  This  flow  visualization 
technique  is  intrusive,  unpredictable,  and  does  not 
give  any  indication  of  the  magnitude  of  density 
fluctuations.  It  is  only  an  indication  of  the  type  of 
structures  that  might  be  expected  in  the  flow.  Figure 
7b  is  a  reconstructed  image  of  the  jet  flow  measured 
using  the  tomography  system.  This  measurement 
was  taken  in  a  8  m/s  flow  at  2.5  nozzle  diameters 
downstream  from  the  nozzle  exit. 


(a)  Drawing  of  Mask  (b)  Reconstructed  Image 

from  Mask  Measurement 

Figure  6.  Measurement  of  Hot  Air  through  Mask 


Conclusions 

A  fast  optical  tomography  system  has  been 
developed  for  nonintrusive  measurement  of  density 
fluctuations  in  a  heated  jet  flow.  The  system 
provides  measurements  at  higher  rates  than  other 
current  techniques.  It  eliminates  the  need  for 
interpreting  interferograms  and  performs  the 
measurement  at  high  temporal  and  spatial 
resolutions.  The  system  is  being  used  to  investigate 
the  various  parameters  of  the  heated  jet  flow  and 
other  index  of  refraction  structures.  Improvements 
are  being  considered  to  both  ease  the  calibration 
currently  required  in  the  system  and  to  improve 
performance  by  reducing  system  noise. 
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BACKGROUND  AND  OBJECTIVES 

The  future  demands  for  flat  panel  display  (FPD)  manufacturing  is  a  resolution  of  3-5  pm  for  large 
substrates  of  550  x  650  mm^  size.  Standard  lithographic  techniques,  like  wafer  stepping  or  proximity 
printing  can  be  used.  Unfortunately,  these  methods  have  some  severe  drawbacks  which  significantly 
increase  the  fabrication  costs.  Using  a  wafer  stepper,  the  small  printing  area  will  cause  numerous  ex¬ 
posure  steps.  The  stepping  has  to  be  very  accurate,  because  stitching  errors  can  be  easily  seen  in  the 
display  pattern.  Using  a  proximity  printer,  the  substrate  is  set  some  20-50  pm  behind  the  mask  to 
achieve  a  resolution  of  3-5  pm.  This  is  not  an  easy  task  for  laige  substrates.  The  costs  for  these  highly 
planar  substrates  are  immense.  A  direct  contact  may  easily  damage  the  expensive  photomask. 

Microlens  lithography*  is  a  new  lithographic  method  that  uses  microlens  arrays  to  print  a  mask 
onto  a  substrate  layer.  The  lithographic  system  consists  of  a  stack  of  microlens  arrays  forming  an  ar¬ 
ray  of  micro-objectives.  Each  micro-objective  images  a  small  part  of  the  mask  pattern,  the  images 
overlap  in  the  image  plane.  Microlens  lithography  provides  a  resolution  of  2-5  pm  for  an  almost  un¬ 
limited  print  area.  A  working  distance  (system-to-substrate)  of  1-3  mm  allows  fast  loading  and  align¬ 
ment  of  the  substrate.  The  laige  depth  of  focus  (e.g.  >100  pm  for  5  pm  resolution)  significantly  re¬ 
duces  the  flatness  requirements  for  the  substrates  and  as  well  might  be  useful  for  printing  into  thick 
photoresist  layers  (e.g.  for  micromechanics)  or  onto  curved  surfaces. 


MICROLENS  ARRAYS 

In  the  past,  the  fabrication  methods  for  lens  arrays  were  complicated  and  the  optical  performance 
was  often  poor.  Nowadays,  high  quality  microlens  arrays  are  available,  e.g.  ion  exchange  lenses, 
photo-thermal  lenses,  melting  photoresist  lenses  and  diffractive  lenses.  The  most  proniising  fabrica¬ 
tion  method  for  very  laige  refractive  microlens  arrays  is  the  melting  resist  technology.  ’  ’  Photoresist 
cylinders  are  formed  by  lithography  and  melted  at  a  temperature  of  T=150'’C.  Surface  tension  forms 
an  almost  perfect  sphere.  Melting  resist  microlenses  are  well  suited  for  high  resolution  imaging.  An 
almost  diffraction  limited  optical  performance  is 
observed.  Figure  1  shows  the  image  of  a  test  pat¬ 
tern  imaged  with  a  melted  resist  lens.  A  resolution 
of  1 .2  pm  («400  lines  per  mm)  is  observed  in  a 
microscope  with  white  light  illumination.  To  ob¬ 
tain  high  transmission  in  the  UV,  the  shape  of  the 
resist  lens  is  transferred  into  fused  silica  by  reac¬ 
tive  ion  etching  (RIE)  as  shown  in  Fig.  2.  Melting 
resist  lenses  are  fabricated  on  top  of  a  fused  silica 
substrate.  Atoms  from  the  resist  surface  and  the 

silica  are  simultaneously  removed  by  eneigetic  .  r 

ions  until  the  lens  shape  is  completely  transferred.  The  reacting  gas  is  normally  a  mixture  of  CHF, 
and  O2  gases.  Depending  on  the  Oj  content  of  the  reacting  gases,  the  etch  rates  of  photoresist  and  sil¬ 
ica  may  differ  up  to  a  factor  of  three.  The  higher  the  O2  content,  the  higher  is  the  etch  rate  of  the  re¬ 
sist.  Spherical  aberrations  can  be  corrected  during  the  etching  b^^  changing  the  Oj  content  of  the  re¬ 
acting  gas  to  vary  the  slope  in  the  rim  region  of  the  microlenses. 


Figure  1 .  Image  of  a  test  pattern  imaged  with  a  single 
melting  resist  microlens  (0=25Opm,  NA=0.36). 
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Fig.  2.  Scheme  of  the  RIE  trans¬ 
fer  process.  A  correction  of  the 
lens  profile  at  the  rim  is  obtained 
by  changing  the  O2  content  during 
the  etching  process. 


Standard  semiconductor  processes,  like  photolithography,  resist  technology  and  RIE  are  used  for 
the  fabrication  of  melting  resist  microlens  arrays.  Microlens  lithography  is  therefore  available  for  all 
manufacturable  display  sizes. 


MICROLENS  IMAGING  SYSTEM 

Microlens  lithography  is  based  on  the  well  known  concept  of  multiple  lenses  or  bee’s  eye  lenslet- 
array  imagers.’’^’^’  Figure  3  shows  the  principle  of  the  microlens  lithography  imaging  system. 

The  imaging  system  consists  of  a  stack  of  three  microlens  arrays  forming  an  array  of  micro-objec¬ 
tives.  Each  micro-objective  independently  transports  a 
part  of  the  mask  pattern.  The  images  from  different 
channels  overlap.  The  overlapping  areas  coincide  in  the 
final  image  to  provide  a  single,  complete  image  of  the 
mask  pattern.  A  demagnification  of  the  intermediate  im¬ 
age  avoids  crosstalk  between  adjacent  imaging  channels. 
Afield  lens  array  (FL)  located  in  the  intermediate  image 
plane  improves  the  radiometric  efficiency  of  the  system. 
The  optical  performance  can  be  improved  by  using  two 
field  lens  arrays  (FL1,2)  instead  of  one.  Both  field  lenses 
are  situated  near  the  intermediate  image  plane.  The  opti¬ 
cal  system  in  Fig.  3  is  fully  symmetrical.  One  half  of  the 
system  is  identical  to  the  other  half,  including  object  and 
irnage.  Due  to  this  geometry,  the  antisymmetrical  wave- 
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L1 

FL 

L2 
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Figure  3.  Microlens  imaging  system  used  fcx* 
microlens  lithography. 


front  aberrations  (coma,  distortion  and  magnification  chromatic  aberrations)  are  minimized  or  zero. 
The  spherical  aberrations  can  be  significantly  reduced  by  using  aspherical  lenses,  e.g.  hyperboloids. 
Figure  4  shows  an  aberration-corrected  microlens  imaging  system  suitable  for  lithography. 


x-atxis.  wcpti 


Figure  4.  Raytracing  through  a  four  layer  microlens  array 
system.  Three  object  points  (as  indicated  in  the  scheme 
above)  are  transported  by  multiple  imaging  channels. 
Two  lens  arrays  (LI, 2:  0=19Opm,  f=750jLim)  are  used  for 
imaging.  Two  arrays  (FL1,2:  f=500pm)  act  as  field 
lenses.  The  images  overlap  perfectly  in  the  image  plane. 

Two  lens  arrays  (L1,L2)  are  used  for  imaging,  two  lens  arrays  (FL1,FL2)  act  as  field  lenses.  The 
numerical  aperture  of  the  system  was  0.05.  A  diffraction  limited  optical  performance  is  achieved. 
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MULTIPLE  PUPIL  IMAGING 


The  microlens  imaging  system  shown  in  Fig.  4  transports  the  light  simultaneously  through  sepa¬ 
rate,  independent  imaging  channels.  The  corresponding  images  from  the  different  channels  overlap  in 
the  image  plane.  Such  systems  are  so-called  multiple  pupil  imaging  systems.''*’’^  Figure  5  shows  the 
modulation  transfer  function  (MTF)  calculated  for  two  different  object  points  transmitted  by  the  3x3 
pupil  system  shown  in  Fig.  4.  The  on-axis  object  point  (0/0)  is  transmitted  by  one  imaging  channel 
(MTF  shown  left).  The  oflF-axis  object  point  (0.2/0.2)  is  transmitted  by  four  adjacent  imaging  chan¬ 
nels  (MTF  shown  right).  The  calculation  is  based  on  ray-tracing. 


Figure  5.  Modulation  transfer  func¬ 
tion  (MTF)  of  the  3x3  pupil  system 
shown  in  Fig.  4. 


Compared  to  conventional  optics,  the  MTF  of  multiple  pupil  imaging  (right)  looks  quite  different. 
The  distribution  of  the  spatial  frequency  peaks  and  valleys  is  depending  on  the  lens  array  geometry. 


WORKING  DISTANCE,  DEPTH  OF  FOCUS 

The  microlens  imaging  system  (planar,  overall  thickness  3-4  mm)  is  integrated  into  standard  proxi¬ 
mity  printers.  The  imaging  system  creates  an  erect  unit  image  of  the  mask  on  the  substrate  layer. 

PROXIMITY  PRINTING  MICROLENS  LITHOGRAPHY 


Fig.  6:  Working  distance  z,  re¬ 
solution  5x  and  depth  of  focus 
8z  for  (left)  standard  proximity 
printing  and  (right)  microlens 
lithography. 


Figure  5  compares  the  working  distance  z,  resolution  8x  and  depth  of  focus  5z  for  (left)  standard 
proximity  printing  and  (right)  microlens  lithography.  There  are  two  basic  advantages  of  microlens 
lithography  compared  to  proximity  printing: 

•  A  laiger  working  distance:  For  microlens  lithography  the  distance  between  the  substrate  and 
microlenses  is  z=l-3  mm  (compared  to  z=20-50  pm). 

•  A  laiger  depth  of  focus:  For  proximity  printing,  the  resolution  decreases  rapidly  with  the  dis¬ 
tance  z.  For  microlens  lithography,  the  highest  resolution  is  observed  in  the  irnage  plane.  The 
image  is  extented  in  forward  and  backward  direction.  A  resolution  of  5  pm  (imaging  system 
with  NA=0.04,  X=400nm)  corresponds  with  a  usable  depth  of  focus  of  100  pm. 


DEMONSTRATION  SYSTEM 

A  three  lens  array  demonstration  system,  similar  to  Fig.  3,  has  been  built.  Two  arrays  of  melted  re¬ 
sist  microlenses  (0=190  pm,  NA=0.15,  hexagonal  closely  packed)  were  used  for  imaging.  The  inter¬ 
mediate  image  was  demagnified  to  6=0.6.  A  third  microlens  array  (0=190  pm,  NA=0.23)  served  as  a 
field  lens  array.  The  image  plane  was  observed  in  a  microscope  with  white  light  illumination.  Figure  7 
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shows  (a)  the  image  plane  of  a  mask  used  for  the  fabrication  of  FPDs  and  (b)  the  image  plane  of  a 
standard  resolution  taiget.  Both  were  imaged  using  the  demonstration  set-up  described  above. 

a)  b) 


Figure  7.  Image  plane  of  a  three  layer  microlens  micro-imaging  system  similar  to  Fig.  3.  (a)  Image  of  a  mask 
used  for  FPDs.  (b)  Image  of  a  resolution  target. 

A  resolution  in  the  order  of  100  lines  per  mm  (5  pm  minimum  feature  size)  was  observed  for  white 
light  illumination. 


SUMMARY 

Microlens  lithography  provides  a  resolution  of  2-5  pm  for  an  almost  unlimited  print  area.  A 
working  distance  (system-to-substrate)  of  1-3  mm  allows  fast  loading  and  adjustment  of  the  substrate. 
Potential  applications  are  the  fabrication  of  large  area  flat  panel  displays  (FPDs)  and  color  filters.  The 
large  depth  of  focus  (typically  50-100  pm  might  be  very  useful  for  printing  in  thick  photoresist  lay¬ 
ers  (e.g.  for  micromechanics)  or  on  curved  surfaces. 
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In  many  high  power  optical  systems,  it  is  necessary  to  relay  a  beam  from  one  component  to 
another  or  from  the  laser  ouQ)ut  to  the  target  Simple  Gaussian  beams  can  be  easily  relayed  with 
conventional  optics;  however  more  complex  profiles,  such  as  a  flat-top  laser  mode,  require  an 
afocal  imaging  system  to  reproduce  the  mode  profile  and  phase  front.  Fig.  la  shows  a 
conventional  afocal  system.  For  high  Fresnel  number  applications,  the  intermediate  focal  point  can 
result  in  undesirable  concentration  of  light  and  subsequent  air  breakdown. 

Beam  relaying  can  also  be  accomplished  by  phase  conjugation.  Li  this  case,  the  image  is 
generated  without  any  intermediate  focal  points.  The  conjugate  wave  simply  traverses  the  same 
path  in  reverse  until  it  has  reconstructed  the  complex  conjugate  of  the  original  field.  Dynamic  phase 
conjugation  techniques,  such  as  stimulated  brillouin  scattering  or  four-wave  mixing[l],  have  been 
used  in  laser  relay  systems  and  can  compensate  for  time-varying  aberrations.  However,  in  many 
laser  systems  a  fixed  diffractive  optical  element  can  also  provide  the  required  phase  conjugation, 
resulting  m  a  simple  and  low-cost  solution  to  relaying  laser  beams. 

We  have  demonstrated  a  beam  relaying  system  that  uses  a  single  custorri-made  diffractive 
element  and  does  not  require  any  conventional  lenses.  The  system  is  sketched  in  Figure  lb.  The 
diffractive  optic  is  designed  by  calculating  the  diffraction  pattern  from  a  specific  light  distribution  at 
the  element  surface  using  the  Rayleigh-Sommerfeld  diffraction  formula[2].  We  start  with  the 
original  light  field  and  then  determine  the  diffraction  pattern  at  half  the  distance  between  the  object 
and  image  planes.  The  plate  is  then  designed  to  produce  the  phase  conjugate  of  the  arriving 
distribution.  It  is  easy  to  show  that  propagation  from  the  plate  to  the  image  plane  results  in  the 
phase  conjugate  of  the  original  object  profile.  Since  the  transmittance  of  the  element  is  phase-only , 
it  can  be  fabricated  as  a  diffractive  optical  element.  Having  calculated  the  phase  profile  of  the  plate. 


we  can  perform  a  modulo-27t  operation  and  phase-level  quantization.  By  making  the  size  of  the 
element  large  enough,  we  minimize  the  diffraction  losses.  Since  it  is  possible  to  design  Md 
fabricate  virtually  any  desired  profile,  this  technique  can  be  used  to  relay  any  light  field  distribution 

to  any  distance.  .  . 

When  using  a  phase  conjugation  system  to  relay  a  beam  m  the  near  field,  the  maximum 
intensity  of  the  propagating  beam  is  close  to  the  original  ntiode  intensity  (Fig.  lb).  In  an  afocal 
imaging  system,  however,  the  maximum  intensity  at  the  intermediate  focal  point  can  be^  much 
higher.  Consider,  for  example,  relaying  a  square  beam  profile  of  width  d  a  distance  z  using  an 
afocal  system.  It  is  straightforward  to  show  that  the  intensity  at  the  intermediate  focal  pomt  Ij(x,y) 

is  given  by  ,4d\2  •  2,j4x,  .  2..4y. 

I2(x,y)  =  (-^)  sinc^Cd— )sinc  (d^) 


resulting  in  a  concentration  factor  over  object  intensity  profile 

i2m=i^=i6(K)= 

I, (0,0)  ■’ 


A?Z 


Ii(x,y)  of 
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Object  Diffractive  Optic  Image 

(b) 

Figure  1:  Propagation  of  a  flat-top  laser  beam  along  optical  axis  of:  (a)  an  afocal  imaging  system  (b) 
a  phase-conjugate  system 


where  N  =  -—  is  the  Fresnel  number  of  the  system.  Therefore  in  systems  with  Fresnel  numbers 

AZ 

larger  than  1/4,  the  peak  intensity  at  the  intermediate  focal  point  is  higher  than  the  intensity  level  of 
the  object  profile. 

As  an  experimental  demonstration,  we  have  chosen  to  relay  a  flat-top  laser  mode  (width  equals 
1.2  mm )  a  distance  of  2  meters.  The  diffractive  plate  was  fabricated  with  a  minimum  feature  size 

of  50  iim  and  16  phase  levels  which  results  in  97.9%  modal  reflectivity.  In  the  experiment,  a 
square  aperture  of  width  1.2  mm  was  illuminated  by  a  uniform  plane  wave  with  a  wavelength 

X=1.064  |j.m.  Fig.  2  shows  experimental  measurements  of  the  mode  intensity  both  before  and  after 
the  diffractive  element.  The  effect  of  the  phase  conjugation  produced  by  the  diffractive  optic  is  to 
generate  a  faithful  copy  of  the  original  mode  with  high  efficiency.  The  intermediate  diffraction 
patterns  are  seen  to  mirror  each  other  on  either  side  of  the  diffractive  element. 

We  will  next  mvestigate  the  effects  of  misalignment  and  different  mode  size  on  the  quality  of 
the  image  in  a  diffractive  optic  phase  conjugation  imaging  system.  Since  the  phases  of  the 
diffractive  plate  are  fixed,  the  plate  only  works  properly  for  a  mode  of  specific  size,  shape  and 
location.  This  is  in  contrast  to  conventional  imaging,  where  proper  imaging  is  essentially 
independent  of  these  parameters.  Figure  3  shows  die  experimental  and  theoretical  images  for 
modes  that  are  10%  smaller  and  10%  larger.  To  determine  uniformity,  we  have  calculated  the  ratio 
of  rms  error  to  perfect  image  intensity.  The  calculation  was  performed  within  the  central  80%  of 
the  original  mode  profile  width.  Figure  4a  shows  the  ratio  of  rms  error  to  image  intensity,  and 
figure  4b  the  power  contained  in  the  image  profile  versus  percent  object  size  difference  for  a 

system  with  Fresnel  number  of  1/n.  It  is  worth  noting  that  smaller  sizes  only  result  in  reduced 
contained  power,  whereas  the  uniformity  does  not  degrade. 

The  relative  position  of  the  laser  mode  with  respect  to  the  diffractive  plate  is  also  very 
important.  Figure  5  shows  the  resulting  image  when  the  object  profile  is  shifted  by  10%  of  its  total 
width  in  a  plane  perpendicular  to  the  optical  axis.  It  is  important  to  note  that,  due  to  the  principle 
behind  the  phase  conjugation  technique,  a  shift  of  object  will  not  simply  result  in  an  image  shift  (as 
would  be  the  case  in  conventional  system)  but  will  dso  introduce  distortion  due  to  improper  phase 
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Object  Diffractive  Image 

Beam  Element  Beam 


Figure  2:  Experimental  measurements  of  intensity  patterns  before  and  after  diffractive  optic  phase 
plate.  After  propagating  the  design  distance,  the  complex  conjugate  of  the  original  distribution  is 
reproduced,  resulting  in  an  identical  intensity  pattern. 


conjugation.  Figures  6a  and  6b  are  the  plots  of  rms  error  and  power  versus  percent  shift  of  the 

object  for  a  system  with  Fresnel  number  of  l/it. 

In  conclusion,  we  have  introduced  a  unique  imaging  system  that  uses  a  diffractive  optical 
element  to  relay  complex  beam  profiles  without  going  through  a  focal  point.  For  high  Fresnel 
number  applications,  the  system  has  been  found  to  be  quite  advantageous  compared  with 
conventional  afocal  systems,  although  it  can  also  be  employed  in  lower  Fresnel  number 
applications.  Tolerances  were  simulated  on  a  computer  and  found  to  be  acceptable  for  many  laser 
systems. 


mm  nmi  /JX 

(c)  (d) 

Figure  3:  Size  tolerance  results:  (a)  10%  smaller  (theory)  (b)  10%  larger  (theory) 
(c)10%  smaller  (experiment)  (d)10%  larger  (experiment).. 
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change. 


Figure  5:  Shift  tolerance  results:  (a)10%  shift  (theory)  (b)10%  shift  (experiment). 


%  Shift  %  Shift 

Figure  6:  Ratio  of  rms  error  to  perfect  image  intensity  and  normalized  power  versus  %  shift  of  the 
mode. 
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1.  Introduction 

Micro-optics  comprises  different  kinds  of  optical  elements.  This  paper  will  mainly  deal  with 
the  testing  of  microlenses,  not  of  mirrors,  prisms  and  other  microoptical  devices.  Microlenses 
can  be  classified  into  two  types:  refractive  and  diffractive  lenses.  Since  the  diffractive  lenses 
are  normally  computer  generated  it  is  not  necessary  to  test  their  global  optical  function,  only 
the  microstructure  has  to  be  measured.  In  the  case  of  refractive  microlenses  there  are  several 
properties  which  have  to  be  determined:  paraxial  parameters  (e.g.  focal  length,  diameter), 
surface  quality  (deviations  from  the  ideal  form)  and  wave  aberrations.  The  measurement  of 
these  parameters  with  the  help  of  interferometers  in  reflected  and  transmitted  light,  as  well  as 
the  advantages  and  problems  of  these  interferometers,  will  be  discussed. 


2.  Measurement  of  the  surface  quality  and  spherieity 

A  Twyman-Green  interferometer  [1]  can  be  used  to  determine  the  deviations  of  the  surface  of 

a  refractive  microlens  from  an 
ideal  sphere.  A  scheme  of 
such  an  interferometer  is 
shown  in  fig.  1 .  A  plane  wave 
is  focused  with  the  help  of  a 
microscopic  objective  onto  the 
micro  sphere  to  be  tested.  In 
the  ideal  case  of  an  exact 
micro  sphere  and  exact 
alignment  of  the  set-up  the 
focus  of  the  spherical  wave 
coincides  with  the  center  of 
curvature  of  the  micro  sphere. 
Then,  the  light  is  reflected 
back  by  the  micro  sphere  and 
the  microscopic  objective 
collimates  the  light  to  a  plane 
wave  which  interferes  with  the 
plane  wave  of  the  reference 
arm.  If  there  exist  deviations 
of  the  micro  sphere  from  an 
ideal  sphere  the  interferogram 
will  show  these  aberrations. 

intermeaiote  Since  the  reflectivity  of  the 

image  micro  spheres  can  vary  within 

Fig.l:  Twyman-Green  interferometer  with  partial  coherent  wide  margins  it  is  necessary  to 
illumination  and  polarizing  optics.  balance  the  light  intensity 

between  the  test  arm  and  the  reference  arm  of  the  interferometer.  This  is  done  with  the  help  of 
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polarizing  optics.  Although,  the  temporal  coherence  of  the  laser  light  is  advantageous  for  the 
interferometer  the  spatial  coherence  gives  rise  to  spurious  interference  effects  and  speckle 
noise  (see  fig.  2). 


coherent  illumination.  partial  coherent  illumination. 

If  a  rotating  ground  glass  is  used  to  destroy  the  spatial  coherence  of  the  laser  light  the 
smoothness  of  the  interference  fringes  can  considerably  be  improved  (see  fig.  3).  To  maintain 
sufficient  contrast  of  the  fringes  the  reference  mirror  has  to  be  positioned  adequately. 

The  Twyman-Green  set-up  can  also  be  used  to  measure  the  radius  of  curvature  of  the  micro 
sphere  by  moving  the  micro  sphere  to  the  so  called  cat's  eye  position  where  the  spherical 
wave  is  focused  onto  the  vertex  of  the  micro  sphere  and  an  inversion  of  the  wave  occurs. 
Because  of  this  inversion  it  is  necessary  to  use  spatial  coherent  light  so  the  rotating  ground 
glass  has  to  be  removed  in  the  case  of  the  cat's  eye  adjustment.  The  length  of  the  translation 
between  the  normal  measuring  and  the  cat's  eye  position  is  equal  to  the  radius  of  curvature  of 
the  micro  sphere. 


3.  Measurement  of  the  wave  aberrations 
Beam  - 


CCD  splitter  2 


Microscope- 

objective 


Fig.  4:  Mach-Zehnder  interferometer. 
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extension  (200  tim)  normalized  trequency 

difference  between  countourlines 
-1/14  lambda 

Fig.  5:  Wave  aberrations  (3D  plot  and  contour  plot)  and  calculated  modulation  transfer  function 
of  a  microlens  measured  with  the  help  of  a  Mach-Zehnder  interferometer  using  phase  shifting 
evaluation  techniques. 

The  measurement  of  the  wave  aberrations  of  a  microlens  should  be  carried  out  with  the  help 
of  a  transmitted  light  interferometer.  The  Mach-Zehnder  interferometer  shown  in  fig.  4  allows 
for  the  measurement  of  the  wave  aberrations  (fig.  5)  [2]. 

The  principle  of  the  Mach-Zehnder  interferometer  is  the  following:  A  plane  wave  is  focused 
with  the  help  of  a  microscopic  objective  in  such  a  way  that  the  focus  of  the  spherical  wave 
coincides  with  the  focus  of  the  microlens  under  test.  The  microlens  aperture  is  then  imaged 
via  a  microscope  onto  a  CCD-detector.  The  scaling  factor  can  be  adapted  by  changing  the 
micro-objective  of  the  microscope. 


normalized  frequency 


beam 

expander 


swing  - 
out 

mirror 


mirror  2 
on  a  PZT 


microlens  array 
on  a 

neutral  density 
filter 

Fig.  6:  Scheme  of  a  shearing  interferometer. 


mirror  1 
tilting 
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The  wave  aberrations  of  a  microlens  can 
also  be  measured  by  using  a  shearing 
interferometer  (see  fig.  6).  There,  the 
aberrated  wavefront  behind  the  microlens  is 
sheared  laterally  by  itself  and  forms  on  the 
CCD-detector  an  interferogram  of  one 
partial  derivative  of  the  wavefront  (fig.  7). 
By  shearing  in  the  x-  or  y-direction  both 
partial  derivatives  can  be  determined.  With 
the  help  of  the  phase  shifting  evaluation 
technique  and  a  least  squares  fitting 
algorithm  [3]  the  wave  aberrations  can  be 
Fig.  7.  Shearing  interferogram  of  a  microlens  calculated  from  the  interferograms. 

with  spherical  aberration.  shearing  interferometer  can  also  be  used 

to  measure  the  focal  length  of  the  microlens  [4].  The  principle  is  sketched  in  fig.  8  together 
with  an  interferogram  typical  for  the  cat's  eye  position. 


Fig.  8:  Positions  (a)  and  0j)  for  the  measurement  of  the  focal  length  of  a  microlens  and 
interferogram  in  the  cat's  eye  position  (b). 
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1.0  Introduction 

Since  etched  microlenses  are  produced  by  digital 
technology,  it  is  inherently  easy  to  fabricate  optics 
customized  for  a  particular  application.  However, 
optimization  of  wavefront  sensors  requires  an  ability 
to  predict  their  complex  behavior.  In  previous 
work,^'^  we  demonstrated  binary  microlens  arrays  for 
wavefront  sensing  in  a  visible  wavelength 
tomographic  imaging  system.  An  eight-view 
tomographic  system  based  on  microlens  array  sensors 
is  now  operational  and  is  described  in  a  separate  paper 
at  this  conference.^  The  current  paper  addresses  error 
budgeting  and  optimal  design  for  wavefront  sensors; 
it  describes  modeling  and  test  procedures  and 
illustrates  one  design  approach. 

2.0  Etched  Microlens  Wavefront  Sensors 

The  principle  of  Shack-Hartmann  wavefront  sensing 
is  well  documented Figure  1  depicts  a  single- 
etched  microlens  with  a  detector  array  at  its  focal 
plane.  The  edge-to-edge  wavefront  optical  path 
difference  over  the  lens  aperture  is  translated  into  a 
displacement  of  the  focal  spot  at  the  detector  array.  A 
computer  records  the  intensity  profile  at  the  detector 
array,  calculates  spot  motion,  and  reconstructs  the 
corresponding  tilt  at  the  microlens. 

The  microlenses  are  fabricated  from  a  series  of  optical 
masks  produced  by  commercial  mask  layout  software. 
The  mask  pattern  is  transferred  to  the  microlens 
substrate  by  coating  the  substrate  with  photo-resist, 
exposing  through  the  mask  with  ultraviolet  light, 
developing  the  substrate,  and  etching  into  the 
substrate  using  reactive-ion  etching.  The  process  is 
repeated  with  a  sequence  of  masks,  each  etched  to 
twice  the  depth  of  the  preceding  mask.  For  our 
application,  we  used  four  masks  to  produce  16  etched 
levels.  Fewer  etched  levels  cause  power  to  be 
dissipated  from  the  center  of  the  focal  spot  to  its  tails; 
more  levels  require  more  etching  and  narrower  etches. 
The  manufacturing  process  restricts  the  narrowest 
possible  etch  width  as  well  as  the  total  sag  across  the 


Figure  1.  Binary  microlenses  from  focal  spots  on  a 
fast  readout  CCD  array.  Spot  motion  at  the  focal 
plane  records  wavefront  tilt  across  the  microlens. 

microlens.  For  our  application,  the  microlenses  are 
on  the  order  of  200-500  microns  with  an  f-number  of 
90.  The  resulting  surfaces  are  approximately 
spherical  with  a  total  sag  of  one  to  two  waves. 

Figure  2  depicts  a  section  of  a  microlens  array  in  a 
Shack-Hartmann  configuration.  The  motion  of  each 
microlens’s  focal  plane  spot  is  calculated  and  the 
corresponding  tilt  is  integrated  to  reconstruct  the 
impinging  wavefront.  The  wavefront  measuring 
ability  of  a  sensor  is  often  described  in  terms  of  range 
and  sensitivity  where  range  is  the  maximum 
detectable  tilt  at  each  microlens  and  sensitivity  is  the 
minimum  detectable  tilt.  For  example,  air  flow 
simulations  indicate  that  our  application  requires  a 
sensitivity  of  about  3  |Lirad  at  a  range  of  +/-  100  |irad. 
However,  one-  and  two-dimensional  microlens  arrays 
demonstrate  more  complex  behavior  than  a  single 
microlens.  Attempts  to  achieve  high  sensitivity  and 
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Figure  2.  An  array  of  etched  microlenses  samples 
wavefront  tilts.  Interference  between  focused  spots 
increases  with  decreasing  microlens  spacing. 


use  coherent  illumination  may  severely  restrict  the 
tilt  measurement  range  due  to  interference  between 
spots.  The  spot  intensity  profiles  in  Figure  2  for  a 
microlens  array  show  a  markedly  different  form  than 
the  single  spot  in  Figure  1  for  a  single  microlens; 
this  difference  is  due  to  destructive  interference 
between  spot  side  lobes. 


3.0  Error  Budget,  Computer  Models,  and 
Laboratory  Tests 

Although  the  principle  of  the  wavefront  sensor 
system  is  simple,  evaluating  performance  for  a 
particular  binary  microlens  design  may  be 
complicated.  Figure  3  indicates  this  complexity  by 
outlining  the  error  budget  for  our  wavefront  sensor. 

Random,  short  time-scale  errors  appear  as  noise  in  the 
spot  location  measurements  from  one  time  sample  to 
the  next.  These  errors  include  detector  noise, 
electronic  interference,  and  accuracy  limits  in  the  spot 
location  algorithm.  These  errors  can  be  mitigated  by 
careful  design  but  not  removed.  In  contrast  to  short 
time- scale  errors,  long  time-scale  errors  appear  to 
accumulate  with  time.  These  errors  are  primarily  due 
to  changes  in  the  reference  wavefront  that  result  in  a 
“fixed  pattern”  in  the  wavefront  tilt  measurements. 
These  errors  can  be  mitigated  by  careful  design, 
frequent  calibration,  and  good  experimental  technique. 

Deterministic  errors  result  in  consistent  false 
measurements  of  tilt  that  vary  from  microlens  to 
microlens  over  a  whole  array.  These  errors  are  due  to 
physical  system  problems  such  as  misalignment, 
positioning  errors,  or  lens-to-lens  differences. 
Deterministic  errors  can  be  removed  by  calibration 
against  wavefronts  of  known  tilt.  In  contrast,  signal- 
dependent  errors  are  induced  by  the  wavefront  being 
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Figure  3,  This  error  budget  indicates  both  short  and  long  time-scale  noise  sources  in  wavefront  sensing. 
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measured  and  are  very  difficult  to  correct.  Large 
distortions  may  cause  complex  behaviors  due  to 
shifting  of  the  reference  wavefront  or  significant 
interference  among  focal  plane  spots. 

Over  the  past  year,  we  have  quantified  the  error 
sources  for  our  application.  A  full  analysis  of  these 
results  is  beyond  the  scope  of  this  paper.  However, 
our  method  for  evaluating  the  error  budget  is  based  on 
computer  modeling  anchored  by  laboratory  tests. 

The  modeling  system  diagrammed  in  Figure  4  is 
implemented  in  software  using  Khoros  and  IDL 
image  processing  and  visualization  tools.  The  model 
performs  a  Monte-Carlo  simulation  of  the  wavefront 
sensing  process.  It  creates  a  finely  sampled  reference 
wavefront,  propagates  it  through  the  distortion, 
through  the  microlens  array,  and  to  the  detector.  The 
detected  intensity  is  digitized,  processed  to  locate  focal 
plane  spots,  and  converted  back  to  wavefront  tilts. 

The  resulting  tilts  are  compared  to  true  tilts,  or  the 
integrated  wavefront  is  compared  to  the  known 
wavefront  at  the  microlens  array. 

Figure  5  shows  the  laboratory  test  configuration.  A 
collimated  source  is  reflected  off  of  a  mirror  at  45 
degrees  onto  the  microlens  array.  To  calculate 
random  short  time-scale  errors,  all  components  of  the 
system  are  kept  fixed  while  focal  plane  measurements 
are  repeated  at  2.5  kHz  over  a  period  of  4  ms.  The 
root-mean-square  motion  of  all  the  focal  plane  spots 
over  this  short  time  period  provides  a  measure  of 
short  time-scale  error.  In  the  same  way,  the  system 
is  kept  fixed  while  data  is  collected  over  30  minutes 
at  intervals  of  30  seconds.  The  root-mean-square 
difference  between  average  focal  plane  spot  locations 
at  any  time  and  the  average  positions  at  the  beginning 
of  the  run  is  taken  as  the  measure  of  accumulated 
long  time-scale  error.  Deterministic  errors  are 


Data 


Figure  4.  Computer  simulations  predict  microlens 
array  performance  under  realistic  conditions  of 
illumination  and  noise  for  expected  flow  conditions. 


Figure  5.  In  this  test  configuration,  the  light  source, 
microlens  to  detector  distance,  wavefront  tilt,  and 
wavefront  position  may  all  be  controlled. 

evaluated  by  introducing  tilt  at  the  mirror  and 
measuring  lens-to-lens  response.  If  the  exact  amount 
of  induced  tilt  is  known,  both  relative  and  absolute 
errors  may  be  corrected  by  appropriate  scaling  of  the 
measured  tilts.  In  contrast,  signal-dependent  errors  are 
not  directly  measured.  However,  errors  due  to 
reference  wavefront  quality  can  be  assessed  by 
translating  the  reference  wavefront  across  the  sensor 
using  the  mirror.  Changes  in  measured  tilt,  as  the 
wavefront  is  translated,  measure  roughness  and 
structure  of  the  wavefront. 

4.0  A  Design  Approach 

The  parameter  space  for  microlens-array-based 
wavefront  sensor  design  is  very  large.  However, 
many  of  the  parameters  are  fixed  by  the  application. 
After  limiting  the  degrees  of  freedom,  the  computer 
model  described  in  the  preceding  section  may  be  used 
to  evaluate  performance  within  the  remaining  design 
space.  In  addition,  an  error  budget  allows  decoupling 
of  weakly  interrelated  error  sources.  Random  long¬ 
term  error,  random  short-term  error,  deterministic 
error,  and  signal-dependent  error  may  all  be  essentially 
independent  over  the  range  of  possible  designs  being 
considered. 

Figure  6  illustrates  the  method  of  optimal  design  for 
short-term  error  based  on  assumptions  of  two  degrees 
of  freedom:  the  number  of  microlenses  per  fixed 
length  array  and  the  focal  length  of  these  microlenses. 
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To  begin,  we  fix  the  number  of  microlenses  and  run 
performance  simulations  as  a  function  of  focal  length. 
Our  design  parameter  is  root-mean-square  tilt  error  due 
to  random  short  time-scale  errors.  The  resulting 
curve  in  Figure  6a  shows  optimal  performance  for 
focal  lengths  from  40-100  mm  .  Performance  is 
worse  at  shorter  focal  lengths  because  of  decreased 
sensitivity  and  focal  plane  spot  size.  At  longer  focal 
lengths,  performance  is  limited  by  interference  among 
the  focal  plane  spots.  In  Figure  6b,  we  determine  the 
optimum  performance  for  each  microlens  density; 
each  point  in  this  plot  is  the  minimum  of  a  curve 
similar  to  6a  for  a  given  number  of  microlenses  per 
millimeter.  Figure  6b  indicates  that  the  tilt  error 
increases  with  the  number  of  microlenses  due, 
primarily,  to  decreasing  spot  size.  Figure  6c  changes 
error  metrics  to  add  information  about  the  wavefront 
to  be  reconstructed.  Here  the  measure  of  error  is  the 
root-mean-square  error  between  the  reconstructed 
wavefront  and  the  true  wavefront  measured  as  optical 
path  difference.  For  a  small  number  of  microlenses, 
the  wavefront  error  is  large  due  to  wavefront 
undersampling.  For  a  large  number  of  microlenses, 
the  error  is  dominated  by  noise  in  the  measured  tilts. 
From  this  analysis,  the  optimum  design  point  is  near 
2.8  lenses/mm,  and  the  focal  length  at  this  design 
point  happens  to  be  48  mm. 

In  our  application,  our  actual  operating  point  is  at 
2.23  microlenses/mm  and  a  focal  length  of  37.5  mm. 
Our  measured  short  time-scale  root-mean-square  tilt 
error  at  this  configuration  is  1.0  fXrad,  which  matches 
the  simulation  prediction.  Actual  performance  in  our 
system  is  limited  by  long  time-scale  errors  which 
have  been  measured  at  3.0  prad  over  30  minutes.  It 


is  our  hope  to  present  more  details  of  the  error  budget 
and  measured  errors  in  a  subsequent  report. 


5.0  Conclusions 

Microlens-based  designs  are  versatile  and  adaptable 
due  to  the  ability  to  specify  and  fabricate  microlenses 
optimized  to  a  particular  application.  For  Shack- 
Hartmann  wavefront  sensing,  the  complex  system 
behavior  can  be  simulated  by  computer  and  verified 
by  simple  laboratory  tests.  In  addition,  an  error- 
budget-based  design  approach  allows  discrimination  of 
an  optimal  design  for  a  particular  wavefront  sensing 
application. 


This  paper  addressed  only  design  issues  for  the 
wavefront  sensor.  A  separate  paper^  at  this  conference 
addresses  design  and  operation  of  a  full  tomographic 
system  based  on  microlens  arrays. 
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a)  Tilt  Error  versus  Focal  Length 

Figure  6,  Design  optimization  is  based 
case  f-number  and  microlens  density. 


Lenslets/mm 

c)  Wavefront  Error  versus 
Number  of  Lens  lets 

on  predicted  performance  evaluated  over  the  free  parameter  space  -  in  this 
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1)  INTRODUCTION 

It  has  been  shown  that  multilayer  coatings  permit  to  modify  the  optical  properties  of 
diffraction  gratings[l],  which  increases  the  fields  of  application  of  gratings,  especially  in  micro¬ 
optics  domain.  For  example,  the  efficiency  of  a  grating  for  s  or  p  polarization  can  be  varied  by 
depositing  an  optical  coating  on  the  diffi’acting  surface[2].  Several  techniques  can  be  used  to  realize 
such  components.  One  can  mention  the  evaporation  techniques  (Electron  Beam  Deposition,  Ion 
Assisted  Deposition,  Ion  Plating)  already  used  for  thin  film  applications.  These  techniques  have  been 
used  in  our  laboratory  to  realize  various  diffractive  components.  The  optical  properties  (efficiency 
of  diffracted  orders  and  phase  difference  of  the  scattered  field  between  s  and  p  polarizations)  of 
such  components,  have  been  measured  by  using  two  devices:  one  based  on  a  goniometric 
ellipsometer[3],  the  other  based  on  a  recently  developed  grating  interferometer [4].  The  results 
obtained  with  these  two  techniques  have  been  analyzed  and  compared  to  the  results  given  by  a 
numerical  simulation  based  on  a  rigourous  method,  and  the  absorption  has  been  measured  by  using  a 
photothermal  technique[5]. 

2)  CHARACTERISTICS  OF  BARE  GRATINGS  BEFORE  COATING 

Characterization  of  diffractive  components  is  realized  with  a  device  (fig.  1)  that  has  already 
been  used  to  measure  the  intensity  and  the  phase  of  the  scattered  field  in  each  direction  of  space[6]. 
This  device  is  based  on  an  ellipsometric  goniometric  mounting.  It  permits  to  measure  the  phase 
difference  (t)sp  between  s  and  p  polarizations  together  with  the  intensity  of  the  light  in  the  plane  of 
incidence[7].  This  technique  gives  the  efficiency  of  different  diffracted  orders  (angle  0  is  varied 
thanks  to  a  rotating  plate)  and  the  corresponding  value  of  (l)sp.  Incidence  angle  i  can  be  varied  thanks 
to  another  rotating  plate. 

A  grating  interferometer  (fig.  2)  can  also  be  used  to  measure  the  phase  difference  between  s 
and  p  polarizations  by  a  two-wave  interferometric  technique[8],  when  Gi  and  G2  are  in  Littrow 
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mounts  for  the  diffracted  orders  m  and  n  respectively.  The  change  of  polarization  is  obtained  with 
the  help  of  a  nematic  liquid-crystal  retarder.  The  gratings  can  be  rotated  around  a  verical  axis  to 
study  different  diffraction  orders  for  a  Littrow  mounting. 

These  two  techniques  of  characterization  are  compatible  with  the  use  of  different 
wavelengths. 

The  measured  optical  properties  of  gratings  can  be  used  to  solve  the  inverse  problem[9]  and 
to  determine  the  physical  parameters  (spacing,  substrate  complex  index).  A  theoretical  method 
based  on  differential  formalism[10]  has  been  used  to  recover  these  parameters. 

3)  CHARACTERISTICS  OF  COATED  GRATINGS 

The  numerical  simulation  has  also  been  used  to  determine  a  priori  the  characteristics 
(thicknesses,  complex  refractive  indices)  of  the  thin  film  layers  to  be  deposited,  in  order  to  obtain 
diffractive  components  with  specific  optical  properties.  For  example,  the  grating  efficiency  in  one 
order  and  the  phase  change  after  diffraction  between  s  and  p  polarizations,  can  be  varied  by  coating 
the  grating[ll].  The  first  result  is  of  particular  interest  for  adressing  applications,  while  the  second 
one  can  find  applications  in  the  field  of  fiber  optic  sensors[4]. 

In  case  of  multilayer  coated  gratings,  the  numerical  simulation  of  the  grating  behaviour  must 
take  into  account  all  the  free  space  and  guided  mode  diffiacted  orders. 

In  our  laboratory  several  deposition  techniques  (Electron  Beam  Evaporation,  Ion  Assisted 
Deposition  and  Ion  Plating)  are  available;  they  give  very  hard  and  dense  materials  independent  of 
humidity,  temperature,...  Monitoring  of  all  deposited  optical  thicknesses  is  quasi-perfect  with  the 
help  of  a  spectral  monitoring  system. 

The  measured  optical  properties  of  the  realized  diffractive  components  have  been  compared 
to  those  given  by  theory.  In  particular,  this  allowed  us  to  compute  and  to  measure  the  phase 
difierence  of  the  diffracted  field  between  s  and  p  polarizations  for  dielectric-coated  gratings  and  for 
bare  metallic  gratings  near  the  plasmon  resonances.  However,  for  deep  coatings  and  for  thick 
multilayers,  numerical  simulation  still  remains  a  problem. 

4)  MICRO-OPTICS 

In  order  to  realize  bi-dimensional  diffiactive  components,  it  is  first  possible  to  deposit 
multilayer  coatings  through  grids,  on  a  plane  substrate.  In  this  case,  superpolished  glass  substrates 
can  be  used  to  realize  diffractive  components  with  very  low  scattering  losses  (down  to  10'*).  This 
technique,  which  is  easy  to  setup,  is  compatible  with  the  use  of  other  types  of  substrates,  like 
crystals,  polymers,  sol-gels,...  Various  optical  components  have  been  realized  in  our  laboratory  and 
tested  with  the  methods  described  in  the  previous  sections.  The  bi-dimensional  pattern  can  be  also 
obtained  by  ion-etching  technique.  This  method  permits  to  obtain  gratings  with  low  spacing 
(typically  1  pm). 
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These  components  appear  to  be  an  alternative  solution  to  realize  anti-reflection  filters,  or  to 
replace  arrays  of  micro-lenses.  However,  to  determine  the  physical  parameters  of  the  diffractive 
components  for  specific  applications,  some  theoretical  problems  (computation  in  case  of  thick 
layers,  simulation  of  bi-dimensional  gratings)  have  to  be  solved. 

5)  PHOTOTHERMAL  MEASUREMENTS  OF  GRATINGS* ABSORPTION 

Absorption  is  one  of  the  most  important  characteristics  of  gratings  for  high  power  laser 
applications.  Photothermal  deflection[12]  of  a  laser  probe  beam,  when  the  grating  is  illuminated  by 
an  intensity  modulated  pump  beam,  permits  to  measure  the  grating  absorption.  This  techmcjue  has 
been  used  to  test  diffractive  components  realized  in  our  laboratory. 

6)  CONCLUSION 

Techniques  of  deposition  used  in  the  field  of  thin  films  can  be  adapted  to  realize  coated 
diffraction  gratings.  In  this  case,  diffractive  components  with  specific  optical  properties  can  be 
obtained.  The  same  techniques  can  be  adapted  to  realize  bi-dimensional  diffraction  gratings  for 
micro-optics  applications.  In  all  these  cases,  the  techniques  of  characterization  based  on 
ellipsometry,  on  two  beam  interferometry  and  on  photothermal  deflection  can  be  used  to  determine 
the  optical  performances  of  the  components.  However,  design  of  components  is  limited,  for  the 
moment,  by  the  performances  of  numerical  methods. 
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He-Cd  (325  &m) 


FIGURE  1 :  Ellipsometric  goniometric  mounting 


FIGURE  2;  Grating  interferometer.  The  length  of  one  arm  is  modulated  thanks  to  piezoelectric 
transducer  PZT,  Gi  ang  G2  can  be  rotated  around  a  verical  axis,  BS:  beamsplitter  cube,  FO:  fiber¬ 
optic,  D:  photodiode,  P:  polarizer, 

C:  nematic  liquid-crystal  cell. 
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Introduction 

An  experimental  study  of  Talbot  array  illuminators  (TAIs)  has  been  performed.  These 
devices,  first  proposed  and  implemented  by  Lohmann,^  are  binary  phase  gratings  that,  when 
properly  illuminated,  give  rise  to  periodic,  concentrated  areas  of  light  with  uniform  intensities 
through  Fresnel  diffraction.  This  phenomenon  is  generally  referred  to  (somewhat  misleadingly) 
as  Talbot  self-imaging. 

The  relative  ease  with  which  these  devices  can  be  fabricated  and  their  high  efficiency  make 
them  excellent  choices  for  optical  systems  requiring  beam  fanouts.  However,  the  vast  majority  of 
work  performed  on  TAIs  to  date  has  been  theoretical  in  nature.  Experimental  work  has  largely 
been  restricted  to  proof-of-principle  studies  in  which  photographs  have  been  taken  of  the 
intensity  distributions  in  Talbot  planes  of  the  devices.  Further  work  is  needed  to  verify  the 
predictions  of  current  models  and  to  suggest  new  uses  for  these  devices.  We  have  performed 
detailed  experimental  measurements  of  the  output  of  TAIs.  Additional  theoretical  results  are  also 
presented  in  support  of  the  experimental  work. 

Background 

The  Talbot  distance  from  a  periodic  structure  is  defined  as  Zx  =  2d?- IX,  where  d  is  the 
grating  period  and  X  is  the  wavelength  of  the  illuminating  radiation.  Under  coherent,  plane-wave 
illumination,  amplitude  gratings  form  field  distributions  at  integer  multiples  of  the  Talbot 
distance  that  replicate  the  amplitude  and  phase  of  the  field  directly  behind  the  grating  itself;  thus 
the  phrase  “self-imaging.”  Multiple  images  are  formed  at  certain  rational  fractions  of  the  Talbot 
distance.^  These  gratings  are  easily  understood,  but  inefficient. 

The  promise  of  higher  efficiency  makes  the  use  of  phase  gratings  desirable  for  Talbot 
imaging.  However,  patterns  in  the  Talbot  planes  of  binary  phase  gratings  are  generally  more 
complex  than  those  for  amplitude  gratings.  The  degrees  of  freedom  affecting  the  diffraction 
patterns  are  the  opening  ratio  w,  the  phase  step  0,  and  propagation  distance  z.  Several 
combinations  of  these  parameters  do  give  rise  to  100%  modulated  intensity  distributions  that 
match  the  spatial  structure  of  the  phase  grating.^  These  distributions  are  virtually  100%  efficient 
for  large  arrays. 
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When  modeling  and  designing  Talbot  array  illuminators,  researchers  have  generally 
required  that  the  Talbot  intensity  distributions  be  100%  modulated  and  that  the  distributions  be 
located  at  simple,  rational  fractions  of  the  Talbot  distance.  These  limitations  have  allowed  useful 
diffraction  patterns  to  go  undiscovered.  It  would  take  a  great  deal  of  computer  time  to  simulate 
all  of  the  possible  Fresnel  patterns  over  any  significant  distance  for  TAIs.  Experimentally,  the 
propagation  distance  can  be  varied  continuously  and  the  diffraction  patterns  observed  in  real 
time. 

Experimental  Setup 

An  experimental  system  has  been  constructed  for  precision  measurement  of  Fresnel 
diffraction  patterns  from  amplitude  and  phase  gratings.  Illumination  is  provided  by  a  spatially 
filtered,  expanded,  collimated  beam  from  a  helium-neon  laser  at  632.8  nm.  An  optical  rail  is  used 
to  hold  a  carrier  that  can  be  translated  along  the  optic  axis  of  the  system.  The  carrier  is  used  to 
hold  either  (a)  a  solid-state  CCD  camera  or  (b)  the  detector  head  of  a  laser  beam  profiling 
system.  The  camera  allows  visual  measurement  of  the  intensity  patterns.  The  beam  profiler, 
typically  used  for  characterization  of  Gaussian  laser  beams,  allows  precision  measurement  of  the 
diffraction  patterns  with  a  rotating  5  micron  slit.  Patterns  measured  with  the  CCD  camera  are 
analyzed  using  Image  Analyst™  image  processing  software.  Data  obtained  from  the  beam 
profiler  is  exported  as  an  ASCII  text  file  and  imported  into  MATLAB™  for  analysis.  A  sample 
intensity  distribution  is  shown  in  Fig.  1. 


Fig,  1:  CCD  image  of  a  Fresnel  diffraction  pattern.  The  image  was  formed  in  the  1/3  Talbot 
plane  from  2  orthogonally  crossed  1-D  binary  phase  gratings,  each  with  an  opening  ratio  of 
1/3  and  phase  step  of  27i/3.  The  grating  and  image  periods  are  400  pm. 
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Results 

Experimental  measurements  of  Fresnel  diffraction  patterns  from  Talbot  array  illuminators 
have  shown  intensity  distributions  that  can  be  more  useful  than  those  in  “standard”  Talbot 
planes.  For  example,  a  one-dimensional  TAI  with  an  opening  ratio  of  1/3  and  a  phase  step  of 
2k/3  creates  a  100%  modulated  intensity  pattern  with  the  same  opening  ratio  in  the  1/3  Talbot 
plane,  as  shown  in  Fig.  2a.  The  peak  intensity  of  the  one-dimensional  pattern  is  increased 
threefold  over  the  illuminating  intensity.  Taking  two  of  these  1-D  gratings  and  orienting  them  at 
90  degrees  gives  a  2-D  array  of  square  peaks  in  the  same  plane  with  9  times  the  original  intensity 
(shown  in  Fig.  1).  Increasing  the  propagation  distance  slightly  to  0.355  Zj  results  in  the 
distribution  shown  in  Fig.  2b.  The  peak  intensity  in  this  plane  for  the  1-D  case  is  approximately 
70%  higher  than  the  peak  in  the  1/3  Talbot  plane.  The  corresponding  2-D  pattern  has  a  peak 
height  more  than  26  times  higher  than  the  illuminating  intensity. 


Fig.  2:  Theoretical  and  experimental  intensity  profiles  from  a  1-D  binary  phase  grating  with 
an  opening  ratio  of  1/3  and  phase  step  of  271/3  at  two  different  distances  from  the  grating,  (a) 
z  =  0.333  Zj,  (b)  z  =  0.355  Zj, 
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Other  patterns  have  been  discovered  that,  while  not  100%  modulated,  may  still  be  of  use  for 
applications  requiring  a  minimum  threshold  intensity  before  physical  effects  occur,  such  as  in 
photolithography  and  photoablation.  We  also  present  evidence  for  the  first  time  (to  the  best  of 
our  knowledge)  of  100%  modulated  Talbot  image  doubling  from  a  binary  phase  grating,  as 
shown  in  Fig.  3.  The  spatial  frequency  of  the  image  is  double  that  of  the  grating  that  created  it. 
Theoretical  models  confirm  this  finding. 
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Fig.  3:  (a)  CCD  image  of  a  Fresnel  diffraction  pattern.  The  image  was  formed  in  the  1/12 
Talbot  plane  from  a  1-D  binary  phase  grating  with  an  opening  ratio  of  1/3  and  phase  step  of 
2ji/3.  The  spatial  frequency  of  this  pattern  is  twice  that  of  the  grating  that  created  it. 
(b)  Theoretical  intensity  distribution  for  the  same  grating  and  location  (the  original  grating 
period  was  400  qm). 
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1.  Introduction 

Submicron  gratings  show  increasing  potential  in  applied  optics,  often  presenting  attractive  alternatives 
to  thin  film  technology  solutions.  Gratings  on  light-weight  plastic  materials  can  replace  heavy  and 
expensive  glass  devices.  Embossing  techniques  can  be  used  for  cheap  mass  production.  The  coating 
of  gratings  with  thin  films  leads  to  additional  degrees  of  freedom  for  component  design.  For  practical 
applications,  it  is  important  not  only  to  investigate  the  possibilities  of  such  structures,  but  also  the 
limiting  factors  such  as  fabrication  considerations  and  stability  properties. 

In  the  first  part  of  this  paper  we  discuss  stability  aspects  of  surface-relief  submicron  grating 
structure  overcoated  with  a  thin  dielectric  film.  Measurements  on  a  broadband  antireflection  structure 
are  presented.  We  also  give  an  interpretation  of  the  results  of  our  measurements.  The  second  part 
describes  an  experiment  which  shows  that  the  symmetry  of  the  grating  can  strongly  be  influenced 
using  directional  evaporation.  In  the  third  part  we  propose  a  new  kind  of  polarizer  and  discuss 
fabrication  possibilities. 

High  frequency  surface-relief  gratings  can  exhibit  broadband  antireflection  characteristics.  This 
has  been  investigated  over  several  years  in  theoretical  [1]  as  well  as  experimental  [2,3]  work. 
Recently,  we  reported  on  the  realization  of  a  broadband  antireflection  (BAR)  structure  for  solar 
energy  applications  [4,5].  It  consists  of  a  lamellar  surface  grating  in  a  polycarbonate  (PC)  substrate 
with  a  dielectric  thin  film  overcoat.  Coating  the  grating  structure  with  a  thin  MgF2  layer  is  one 
essential  step  to  achieve  the  excellent  broadband  antireflection  performance  shown  by  these  devices. 
A  practical  problem  is  that  for  evaporating  MgFa,  the  best  coating  results  are  obtained  when  the 
substrate  temperature  is  relatively  high,  ~200'’C  [6].  At  this  temperature  PC  starts  to  flow  and  the 
gratings  disappear  due  to  surface  forces.  The  dielectric  has  therefore  to  be  deposited  on  the  cold  PC 
substrate  and  the  mechanical  properties  have  to  be  investigated. 


Fig.  1:  Measured  transmission  of  bare  and  MgFi  coated  gratings  after  heating.  The  angle  of 
incidence  was  45°  and  the  measurement  wavelength  800  nm.  Coated  gratings  not  only  have 
better  antireflection  performance  but  are  also  stable  up  to  higher  temperatures. 
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2.  Stability  of  thin  film  coated  gratings 

a)  Temperature: 

We  have  investigated  the  stability  of  bare  surface  gratings  and  the  BAR  structures  as  a  function  of 
temperature.  Only  the  front  side  of  the  devices  was  structured.  The  transmission  performance  was 
measured  before  and  after  tempering  them  for  several  minutes  on  a  hot  plate,  with  a  small  distance 
between  hot  plate  and  PC-foil  in  order  to  avoid  separation  problems.  The  temperatures  given 
correspond  to  the  temperatures  at  the  hot  plate. 

Figure  1  shows  the  measured  transmission  of  E-polarized  light  (E-vector  perpendicular  to 
grating  vector)  for  an  angle  of  incidence  of  45°.  The  transmission  of  the  device  with  the  bare  grating 
starts  to  decrease  at  temperatures  higher  than  190°C  (measured  on  the  hot  plate).  This  coincides  with 
a  disappearance  of  the  grating  as  visible  to  the  naked  eye.  The  MgF2  coated  structure  not  only  shows 
better  transmission,  but  also  withstands  significantly  higher  temperatures.  The  coating  appears  to 
stabilize  the  grating  which,  in  contrast  to  a  bare  grating,  does  not  disappear.  At  higher  temperatures, 
parts  of  the  polycarbonate  started  to  become  dull. 

b)  Adhesion: 

The  evaporation  of  MgF2  was  performed  on  the  cold  substrate.  In  order  to  test  adhesion  on  the 
surface,  we  used  the  tape  test,  applying  a  strip  of  adhesive  tape  to  the  surface  and  removing  it  again 
[5].  Figure  2  shows  the  measured  transmission  for  E-polarized  light  at  normal  incidence.  Shown  is 
the  transmission  as  a  function  of  wavelength  for  coated,  structured  PC-foils  (continuous  line  and  dots) 
and  coated  unstructured  PC-foils  (cross  symbols).  Measurements  were  performed  before  applying  the 
tape  test  and  afterwards.  For  the  unstructured  but  MgF2  overcoated  PC-foil,  we  see  that  the 
transmission  is  the  same  as  for  the  uncoated  PC-foil  (broken  line)  -  the  MgF2  coating  was  completely 
lifted  off.  For  the  structured  PC  foils,  the  tape  test  had  no  significant  effect  on  the  transmission 
performance.  This  can  be  explained  by  the  roughness  of  the  surface  on  a  scale  which  does  not  give 
rise  to  straylight,  but  helps  to  improve  MgF2-PC  adhesion.  In  addition,  the  structure  may  relax  the 
intrinsic  tensions  at  the  boundary  of  the  two  materials  and  thus  lead  to  higher  stability. 


Fig.  2:  Transmission  of  coated  substrates  before  and  after  tape  test.  The  measurements  show  that 
MgF2  deposited  on  cold  unstructured  substrates  is  lifted  off  the  surface  when  a  tape  test  is 
applied,  leading  to  a  significant  reduction  in  transmission.  By  contrast,  the  test  applied  on 
coated  gratings  did  not  have  an  effect  on  the  transmission  performance.  The  MgF2-films 
adheres  well  to  the  structured  substrate. 

c)  Conclusion:  The  experiments  show  that: 

•  a  grating  in  PC  is  (temperature)  stabilized  by  a  thin  film  coating  of  MgF2. 

•  MgFa  shows  better  adhesion  to  the  substrate  if  the  latter  is  structured. 
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This  can  be  important  for  applications  in  optics  in  two  very  different  ways.  The  first  point  opens  the 
possibility  to  apply  antireflection  structures  onto  substrates  by  hot  transfer  (“melting”),  including 
application  onto  curved  substrates  such  as  lenses.  We  have  ‘melted’  thick  PC-foils  (up  to  now 
without  BAR-structure)  on  BK7  glass  and  were  not  able  to  separate  them  without  damaging  the  glass 
surface.  The  second  point  opens  the  possibility  to  coat  substrates  which  may  not  be  heated.  Provided 
there  is  possibility  to  etch  a  submicron  grating  structure  into  this  substrate,  thin  films  evaporated  onto 
the  cold  substrate  cab  be  expected  to  exhibit  good  adhesion. 

The  BAR-structures  are  intended  to  be  used  outdoors  for  solar  energy  applications.  Handling 
the  tempered  devices  gave  us  the  impression  that  the  MgF2  coating  stability  is  increased  after 
tempering  them  up  to  210T.  This  can  be  due  to  a  better  contact  between  substrate  and  coating  as  it  is 
the  case  when  MgFa  is  deposited  on  hot  substrates.  The  tempered  structures  are  also  less  sensitive  to 
finger  prints.  An  exposure  of  the  structures  to  extreme  weather  conditions  over  several  months  will 
give  insight  in  medium  range  lifetime  properties. 


3,  Non-symmetric  gratings: 

Light  coupling  and  light  trapping  are  two  other  interesting  applications  for  submicron  gratings. 
Depending  on  the  application,  it  is  favorable  to  use  non-symmetric-  rather  than  symmetric  gratings. 
Light  which  couples  into  diffraction  orders  will  be  totally  reflected  at  the  surface  opposite  to  the 
structure  and  impinge  again  on  the  grating.  According  to  the  reciprocity  theorem,  part  of  the  light  will 
couple  to  an  outgoing  zero  order  wave.  This  effect  limits  the  coupling  efficiency.  The  effect  can  be 
reduced  with  a  nonsymmetric  grating  geometry  such  as  blazed  gratings.  Light  trapping  in  solar  cells 
was  improved  by  use  of  such  structures  [4].  A  nonsymmetric  grating  (see  inset  of  Figure  3)can  be 
realized  by  means  of  directional  evaporation  of  a  dielectric  at  an  angle  not  perpendicular  to  the  grating 
surface.  Using  rigorous  calculations,  we  found  grating  geometries  having  a  high  ratio  of  the  first 
transmission  orders  (T+1/T4). 

In  order  to  demonstrate  this  effect,  we  coated  the  PC-gratings  in  such  a  way  on  both  the  front 
and  the  backside  of  the  PC-foil  (see  Figure  [3]  inset).  The  transmission  measurements  were 
performed  with  light  incident  at  an  angle  of  45°  (plane  of  incidence  parallel  to  the  grating  vector). 
The  second  measurement  was  taken  after  turning  the  grating  by  180°  around  an  axis  normal  to  the 
surface.  This  introduces  no  difference  for  a  symmetric  grating.  By  contrast,  we  measured  a  strong 
coupling  effect  not  found  in  the  first  measurement  (see  Figure  3).  This  can  only  be  explained  by  the 
introduced  asymmetry  of  the  coating. 


Fig.  3: 
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Transmission  spectrum  for  asymmetric  grating  stmcture.  T1  and  T2  are  the  measured 
spectra  for  off-axis  illumination  upon  rotating  the  grating  by  180°. 
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4.  Other  types  of  thin  film  coated  gratings: 

The  use  of  high  frequency  gratings  is  a  well  known  approach  to  realize  polarizing  components.  We 
propose  a  dielectric  polarizer  based  on  submicron  gratings  and  materials  commonly  used  in  thin  film 
technology.  It  consists  of  a  Ti02  grating  on  a  Si02  substrate,  overcoated  with  MgF2  (Figure  4,  inset). 
The  outer  MgF2/air  grating  will  act  as  antireflection  grating  for  the  H-polarization  and  improve  the 
polarizer’s  performance.  It  is  surprising  to  find  that  the  polarizing  performance  is  excellent  for  a 
wavelength  at  which  the  first  order  of  transmission  is  already  evanescent  and  the  first  order  of  reflec¬ 
tion  just  starts  to  be  non-propagating.  Therefore,  moderate  grating  periods  have  to  be  used,  which  can 
be  realized  by  holographic  techniques.  It  is  clear  that  in  this  region,  rigorous  diffraction  theory  has  to 
be  used  to  calculate  the  efficiencies.  Figure  4  shows  the  transmission  for  the  H-polarization  (H-vector 
perpendicular  to  grating  vector)  as  well  as  the  inverse  polarization  contrast  ratio  (inverse  PCR)  which 
is  the  ratio  of  the  transmitted  energy  of  H-  and  E-polarization.  The  calculations  were  performed  with 
the  method  described  in  Ref  [7].  Note  that  solely  the  grating  period,  which  can  be  realized  very 
accurately,  determines  the  wavelength  of  optimum  polarization  performance. 
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Fig  4:  With  usual  thin  film  materials  and  the  appropriate  grating  period  an  excellent  polarizer  can 
be  realized,  as  rigorous  calculations  show. 

5.  Conclusions 

Thin  dielectric  films  on  submicron  gratings  present  a  simple  and  effective  possibility  to  manipulate 
their  optical  properties  such  as  reflectivity,  polarization  selectivity  or  symmetry  of  coupling  to 
diffraction  orders.  Our  tests  on  BAR-structures  showed  that  mechanical  properties  of  microstructures 
on  polycarbonate  can  be  significantly  improved  by  the  additional  thin  film  coating.  Similarly, 
adhesion  of  coating  materials  to  the  substrate  can  be  improved  by  structuring  the  substrate. 
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Introduction 

Diffractive  optical  elements  (DDEs)  provide  solutions  for  applications  that  require 
complex  phase  profiles  which  are  difficult  or  impossible  to  make  with  conventional  optics. 
Because  of  their  planar  nature,  they  have  small  volume  and  are  light-weight,  both  of  which  are 
attractive  features  for  many  applications.  Diffractive  optical  elements  are  typically  fabricated  by 
multi-mask-level  photoresist  patterning  and  sequential  reactive-ion  etching  to  form  the  multi¬ 
level  phase  profileb^,  other  fabrication  techniques  include  direct  E-beam  writing,  direct  laser 
writing,  single-point  ablation  by  excimer  laser^,  and  thin  film  deposition.  Here  we  describe  a 
new  technique  for  rapid  fabrication  of  diffractive  optic  elements  and  arrays  using  deep-UV 
excimer  laser  ablation.  We  have  fabricated  8-level  diffractive  micro-lenses  which  have 
diffraction-limited  focusing  and  near-theoretical  diffraction  efficiency.  This  technique  provides 
a  flexible  means  for  rapid  prototyping  and  for  applications  where  other  techniques  cannot  be 
applied  or  are  not  cost-effective. 

Fabrication  Technique 

The  original  goal  of  this  experiment  was  to  fabricate  a  uniquely  prescribed  array  of 
micro-lenses  in  real-time  for  diode  laser  array  beam  correction.  The  fabrication  technique 
employs  the  direct  ablation  of  the  substrate  material  by  a  high-power  pulsed  UV  laser.  To 
generate  binary  phase  structures  on  the  substrate,  a  mask  with  the  required  intensity-modulated 
patterns  is  imaged  on  the  substrate  with  a  UV  objective.  A  binary  structure  is  created  by  single- 
or  multiple-pulse  ablation  by  the  UV  laser.  To  generate  multi-level  diffractive  elements,  for 
example  a  2^-level  phase  structure,  a  set  of  M  masks  is  used,  as  in  the  standard  lithography 
technique.  The  significant  advantage  of  this  technique  is  that  the  complex  and  time-consuming 
process  of  photoresist  deposition,  lithography,  and  etching  employed  in  the  standard  lithography 
technique  is  simply  replaced  by  rapid  ablations  on  a  time  scale  of  seconds.  This  capability 
allows  us  to  fabricate  in  real-time  an  arbitrary  arrangement  of  different  DDEs  from  a  pre¬ 
determined  collection  of  suitable  masks.  For  example,  an  array  of  micro-lenses  with  each  lens 
uniquely  prescribed  can  be  fabricated  for  laser  array  beam  correction.  This  technique  provides  a 
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flexible  new  way  for  rapid  prototyping.  It  is  a  simpler  and  faster  process  compared  to  single¬ 
point  etching  with  laser  or  E-beam  because  it  is  a  parallel  process. 

Figure  1  shows  a  schematic  of  the  laser  ablation  system.  We  used  the  193  nm  deep-UV 
output  from  a  Lambda-Physik  COMPex  205  excimer  laser.  This  wavelength  not  only  provides 
the  best  optical  resolution,  but  also  generates  micro  structures  that  are  sharper  and  smoother  than 
those  fabricated  with  longer  wavelengths  at  248  nm  and  308  nm.  A  uniform  intensity  light  field 
is  produced  at  the  mask  plane  by  a  homogenizer.  The  mask  set,  printed  on  a  single  quartz 
substrate  by  E-beam  writing,  contains  a  set  of  masks  for  21  different  focal  length  lenses.  Based 
on  the  prescription  for  each  lens,  a  given  mask  from  the  mask  set  is  positioned  in  the  beam  path 
rapidly  by  a  high-speed  air-bearing  stage.  The  in-position  mask  is  imaged  onto  the  polyimide 
sample  by  an  objective.  A  lOx  objective  is  used  for  de-magnification.  As  each  lens  prescribed 
from  the  21  choices  is  to  be  fabricated  to  form  an  array,  the  polyimide  sample  is  stepped 
accordingly.  The  system  is  designed  to  fabricate  an  8-level  lens  in  a  few  seconds  and  an  array  of 
100  lenses  in  a  few  minutes. 


High  Speed  XY 
Air-Bearing  Mask  Stage 

Figure  1.  Schematic  of  the  excimer  laser  ablation  system. 

The  fabrication  quality  is  influenced  by  laser  wavelength,  laser  beam  uniformity  and 
stability,  substrate  material,  and  very  importantly,  the  mask  alignment  accuracy  and  imaging 
objective  quality.  The  mask-stage  positioning  accuracy  is  2.3  pm  for  full  4-inch  travel.  Thus 
the  pattern  alignment  on  the  substrate  is  0.23  pm  or  less  with  lOx  de-magnification.  The  height 
of  the  binary  structure,  determined  by  the  design  wavelength,  is  influenced  by  the  ablation  laser 
wavelength,  the  fluence  at  the  substrate,  the  type  of  the  substrate  material,  and  the  number  of 
pulses  applied.  The  general  behavior  of  the  ablation  depth  as  a  function  of  the  laser  fluence  at 
193  nm  has  been  studied  previously  for  several  types  of  polymers'*.  We  have  measured  this 
function  specifically  for  the  polyimide  samples  we  used.  The  optimum  unit  step  height  is 
d8=180  nm  for  refractive  index  of  1.56  and  the  design  wavelength  Xq  =  805  nm.  The  fluence  is 
adjusted  such  that  the  ablation  depth  from  a  single  pulse  corresponds  to  180  nm.  Four  pulses  are 
applied  with  the  level  1  mask,  two  pulses  applied  with  the  level  2  mask,  and  1  pulse  applied  with 
level  3  mask. 
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Lens  Quality 

An  example  of  8-level  diffractive  lenses  is  shown  in  Fig.  2  —  a  photomicrograph  of  a 
f/4.5  positive  lens  with  diameter  of  440  ^im.  Each  of  the  eight  levels  as  well  as  the  Fresnel  zone 
boundaries  can  be  distinctly  observed.  The  smallest  feature  resolvable  in  this  element  is  1  \im. 

The  diffraction  efficiency  of  this  lens  is  92%  ±  3%.  It  is  measured  by  the  following 
method  using  a  laser  diode  source  with  output  at  803  nm  (SDL-5400).  The  beam  is  formed  with 
a  focusing  lens  and  has  a  matching  F/number  to  that  of  the  lens  to  be  tested.  The  lens  under  test 
then  collimates  the  beam.  A  detector  is  placed  in  the  far-field  to  detect  the  power  in  the 
collimated  beam.  The  contributions  from  other  orders  to  the  power  measurement  are  negligible. 
The  diffraction  efficiency  is  the  power  in  the  collimated  beam  in  the  far-field,  divided  by  the 
power  measured  in  the  near-field  without  the  lens  under  test  but  with  only  the  polyimide  flat 
substrate.  The  measured  diffraction  efficiency  for  the  pictured  lens  is  92%.  Within  the 
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Figure  2.  A  microscope  picture  of  an  8-level  f/4.5  diffractive  lens  fabricated  with  193  run  excimer 
laser  in  polyimide.  Its  diffraction  efficiency  is  92%. 

experimental  errors,  efficiencies  measured  for  several  other  similar  lenses  are  the  same.  This 
efficiency  is  very  close  to  the  theoretical  value  of  95%  predicted  by  the  scalar  theory.  It  should 
be  noted  that  although  scalar  theory  works  reasonably  well  for  lenses  with  F/number  of  4.5,  it 
still  gives  an  efficiency  number  larger  than  that  obtained  from  the  rigorous  electromagnetic 
theory^.  The  diffraction  efficiency  was  also  measured  using  an  input  beam  of  much  larger 
F/number  (lower  N.A.)  for  different  lens-offsets.  The  results  are  plotted  in  Figure  3. 

To  further  test  the  performance  of  the  fabricated  diffractive  lenses,  we  measured  the 
point-spread-functions  for  these  lenses,  and  compared  with  theoretical  scalar  diffraction 
calculations.  In  the  experiment,  the  diffractive  lens  under  test  is  illuminated  with  a  collimated 
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uniform  laser  beam.  The  2-D  intensity  profile  at  the  focus  is  measured  using  a  CCD  sensor 
equipped  with  an  objective  that  images  the  laser  beam  profile  onto  the  CCD  sensor  with  lOx 
magnification.  The  measured  intensity  distribution  in  one  axis  is  compared  with  that  of 
calculations  in  Figure  4.  The  two  theoretical  curves  are  the  calculated  intensity  with  (solid  line) 
and  without  (dotted  line)  the  convolution  effect  of  the  imaging  optics  and  the  detector  resolution 
included.  Comparison  shows  that  the  diffractive  lenses  fabricated  with  the  technique  described 
here  have  diffraction-limited  performance.  Point-spread-functions  for  different  input  beam 
diameters  were  also  measured.  Comparison  with  theoretical  calculations  for  these  cases  will  be 
discussed. 
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Figure  3.  Measured  diffraction  efficiency  for 
different  lens  offset  positions. 


Figure  4.  Comparison  of  measured  (diamond 
symbols)  and  calculated  (solid  and  dotted  lines) 
intensity  distributions  in  x-direction  at  the  focus. 
The  solid  line  is  the  calculations  with 
convolution  and  the  dotted  line  is  the  calculation 
without  convolution. 


In  this  talk,  we  will  also  present  results 
for  diffractive  micro-lenses  with  smaller 

F/numbers  and  results  for  arrays  which  have  either  identical  lenses  or  pre-prescribed  unique 
lenses.  We  will  discuss  the  system  performance  including  the  fabrication  time  and  resolution. 
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Introduction 

For  all  their  power  and  promise,  diffractive  optical  elements  (DOEs)  are  generally  so 
difficult  to  fabricate  and  so  costly  to  prototype  that  their  full  commercial  potential  has  yet  to 
be  realized.  Although  microfabrication  techniques  that  stem  from  VLSI  semiconductor 
processes  are  weU-developed,  they  usually  require  mass  production  to  be  econonucally 
feasible.!  gyen  when  unit  cost  is  not  a  primary  consideration,  the  time  period  from  design  to 
realization  of  even  the  simplest  custom  DOEs  can  frequently  run  to  weeks  or  even  months. 
We  show  that  we  are  able  to  produce  practical  diSractive  elements  in  minutes  to  hours.  A 
user  has  the  ability  to  design,  fabricate,  gauge,  and  refine  the  diffractive  structure  at  a  single 
workstation.  We  have  constructed  a  wide  spectrum  of  DOEs,  including  spherical  lenses. 


aspheres,  toroids,  as  well  as  cylindrical  and  conical  lenses — each  in  a  fraction  of  the  time 
required  using  more  conventional  microfabrication  techniques. 

In  general,  our  approach^  is  to  use  a  small,  high 
repetition-rate  pulsed  excimer  laser  operating  at 
248  nm  to  ablate  the  grating  into  the  substrate 
material.  As  illustrated  in  Figure  1,  the  laser  beam 
remcdns  fixed  while  precision  X-Y  or  X-9  servo-driven 
stages  move  the  workpiece  under  the  focusing 
objective.  An  appropriate  cutting  “tool”  shape  and 
size  is  chosen  and  is  achieved  by  projecting  a 
demagnified  image  of  a  custom  beam  aperture 
(created  on  this  same  micromachining  workstation) 
onto  the  substrate.  This  simple  approach  thus  avoids 
the  expense  and  complexity  associated  with  mask 
generation,  maintenance,  and  alignment.  The 
mimimim  feature  size  is  determined  by  the  ablation 
spot  size.  Approximately  2-4  nm  period  structures 
are  a  practical  minimum  for  the  current  system. 

True  3-dimensional  contours  are  attained  by 
controlling  laser  fluence  (J/cm^/pulse)  or  the 
number  of  laser  shots  per  unit  area  or  both.  We  have 
very  recently  incorporated  an  optical  profilometer  (Wyko  RST-Plus)  directly  into  our  DOE 
micromachining  system.  This  has  greatly  enhanced  our  ability  to  characterize  depth  and 
smoothness  and  is  helping  to  accelerate  the  refinement  of  the  process. 


Fig.  1.  Direct-write  microfabrication 
of  diffractive  optical  structures. 


7C-Phase  Diffractive  Structures 

True  binary  (2-level  or  7i-phase)  diffractive  structures  are  generally  the  easiest  to  fabricate 
by  any  method.  Their  chief  disadvantage  is  that  at  most  40.4%  of  the  incident  light  is 
diffracted  into  the  order  of  choice.^  However,  the  relative  intensity  of  the  1®!  diffiracted  order  at 
the  focus  of  a  7C-phase  lens  may  exceed  that  of  all  others  by  many  orders  of  magnitude.  Off- 
axis  designs  can  be  used  to  further  reduce  scattering  from  undesired  orders.'^  Thus  reduced 
efficiency  may  not  be  a  significant  drawback  for  many  applications,  especially  when  the 
relative  cost  benefits  are  considered. 

Figure  2  diagrams  our  process  for  rapid  fabrication  of  binary  elements.  A  -405  nm  thick 
layer  of  polyimide  is  spin-coated  onto  a  fiised  silica  window  and  cured.  The  polyimide  thick- 
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Figure  2.  Direct-write  fabrication  of  a 
binary  grating.  Diffractive  elements  are 
generated  by  photo-ablative  removal  of 
portions  of  a  ~0.4  pm  thick  polyimide 
layer  on  fused  silica. 


ness  is  chosen  to  correspond  to  a  7t-phase  shift 
with  respect  to  air  for  the  design  wavelength, 
typically  633  nm  for  our  sample  elements.  These 
substrates  may  be  made  in  bulk  and  can  be 
stored  indefinitely.  Polyimide  is  relatively 
durable,  nonhygroscopic,  chemically  inert,  and  is 
transparent  through  much  of  the  visible  and 
near-infrared.  It  absorbs  strongly  at  the  248-nm 
KrF  machine  laser  wavelength  and  ablates 
cleanly  but  the  transparent  fused  silica  below 
remains  undamaged.  Therefore,  depth  accuracy 
depends  primarily  on  the  thickness  of  the 
original  polymer  layer,  which  can  be  controlled  to 
±5%.  Incident  fluence  is  of  the  order  of  ~1  J /cm*. 
The  laser  spot  size  and  shape  used  depends  on 
the  feature  size  required  for  the  cut  and  the 
available  laser  pulse  energy.  Typically  it  may 
range  from  ~2  pm  to  >100  pm. 


A  personal  computer  based  motion  control  j^stem  drives  the  servo  stages  over  a  travel 
range  of  100  mm  by  250  mm.  The  stages  are  addressable  to  0.25  pm  and  are  specified  by  the 
manufacturer  to  be  accurate  to  +1  pm  over  the  full  range  of  travel.  The  excimer  laser  is 


externally  triggered  and  firing  is  coordinated  with  stage  motion  such  that  shots  can  he  fired  at 
specified  incremental  distances,  even  for  arcs  or  arbitrary  curves.  The  maximum  writing  speed 
depends  ultimately  on  the  required  shot  spacing  and  the  maximum  laser  repetition  rate  of 
2000  Hz.  The  required  shot  spacing,  in  turn,  is  usually  determined  hy  the  miniTmim  feature 
size  and  therefore  the  machining  leiser  spot  size.  Using  a  spot  diameter  of  ~14  pm,  we  have 
written  1  mm  x  1  mm  DOE’s  in  ~6  minutes.  We  are  currently  developing  methods  for 
significantly  decreasing  fabrication  time  still  further.  We  will  report  on  a  simple  technique  for 
varying  the  cutting  laser  aperture  size  (Fig.  1)  under  computer  control.  This  will  permit  the 
use  of  a  large  laser  swath  for  larger  features,  e.g.,  the  innermost  zones  of  a  Fresnel  lens,  then 
decreasing  the  laser  kerf  for  finer  features,  resulting  in  a  substantial  increase  in  speed. 
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Figure  3.  Some 
simple  7t-phase  dif¬ 
fractive  optical  ele¬ 
ments  fabricated  by 
excimer  laser  micro¬ 
machining:  a  toroidal 
lens  with  primary 
focal  lengths  of  10 
and  5  mm  (top  left); 
spherical  lens,  250 
pm  diam.,  f.l.=  5  mm; 
cylindrical  lens,  250 
pm  square.,  f.l.=5 
mm  (bottom  right), 
the  step  height  for 
each  structure  is 
~400  nm. 


Depending  on  the  application,  the  desired  motion  program  may  be  generated  directly  from 
a  CAD  program  and  executed  much  like  a  pen  plotter.  We  have  written  simple  Visual  BasicTw 
programs  as  well  as  Microsoft  ExceF^  macros  that  define  the  structures,  then  command  the 
motion  and  laser  firing  directly.  The  sample  elements  in  Fig.  3  were  each  created  in  ExceF^. 
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For  example,  in  the  case  of  the  toroidal  lens,  the  user  enters  the  overall  size  of  the  eleinent, 
the  focal  lengths  in  both  major  axes,  and  the  angle  of  rotation  (here  45°).  The  laser  machining 
parameters  such  as  laser  kerf  and  stage  velocity  may  also  be  adjusted.  The  program  uses 
these  parameters  to  determine  a  series  of  elliptical  tool  paths  that  will  result  in  the  desired 
structure.  Clicking  the  “Machine  Now”  button  executes  the  motion.  In  minutes  a  completed 
and  functioning  diffractive  element  is  produced.  No  subsequent  processing  is  required. 
Typical  diffraction  efEciency  into  the  m=+l  order  is  38-40%  of  transmitted  light. 

Blazed  or  Contoured  Structures 

Tmprnving  the  diffraction  efficiency  beyond  the  ~40%  limit  for  2-level  structures  requires 
blazing  of  the  grating.  The  literature  documents  many  examples  of  precisely  fabricated 
sawtooth-like  diffractive  structures  with  demonstrated  efficiencies  that  approach  100%. 
Production  of  these  elements  using  traditional  lithographic  techniques  is  a  complex  and 
costly  process  requiring  multiple  exposure  and  etch  cycles.  Excimer  micromachining  of  these 
blazed  gratings  represents  a  formidable  challenge.  Accuracy  and  precision  in  the  plane  of  Ae 
structure  depends  mainly  on  the  laser  spot  size  and  the  quality  of  motion  control.  Extending 
the  process  to  the  third  dimension,  depth,  adds  new  factors,  including  laser  fluence,  beam 
homogeneity  or  intensity  profile,  and  shot-to-shot  reproducibility,  as  well  as  spot  overlap  or 
“stitching”  patterns.  Deviation  from  an  ideal  depth  profile  often  results  in  light  scattering  into 
undesired  orders.  Smaller  scale  surface  roughness  leads  to  diffuse  scattering.  Either  implies  a 
loss  of  diffraction  efficiency. 
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Figure  4.  Three  approaches  to  3-dimensional  direct-write  ablative  micromachining 
of  diffractive  structures. 

Figure  4  outlines  three  general  approaches  to  direct-write  micromachining  of  blazed 
gratings.  The  first  is  to  simply  focus  the  beam  to  a  size  that  is  small  compared  to  the  grating 
period.  The  laser  intensity  is  adjusted  such  that  the  depth  of  material  removed  per  shot  is 
small  compared  to  the  maximum  desired  depth.  In  this  way,  3D-pixel-lLke  volume  elements 
can  be  removed  with  each  laser  shot.  Control  of  depth  is  achieved  by  varying  the  beam 
intensity  and  number  of  shots  per  unit  area.  Although  this  method  is  the  most  versatile  in 
that  arbitrary  3-D  surface  structures  can  be  fabricated,  it  has  a  number  of  disadvantages. 
Chief  among  them  is  the  relatively  slow  writing  speed.  The  small  spot  size  and  low  intensity 
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Figure  2.  Direct-write  fabrication  of  a  ±50/^  incident  fluence  is  of  the  order  of  ~  1  J/cm^. 

binary  grating.  Diffractive  elements  are  The  laser  spot  size  and  shape  used  depends  on 

generated  by  photo-ablative  removal  of  the  feature  size  required  for  the  cut  and  the 

portions  of  a  ~0. 4  nm  thick  polyimide  available  laser  pulse  energy.  Typically  it  may 

layer  on  fused  silica.  range  from  ~2  nm  to  >100  nm. 

A  personal  computer  based  motion  control  system  drives  the  servo  stages  over  a  travel 
range  of  100  mm  by  250  mm.  The  stages  are  addressable  to  0.25  nm  and  are  specified  by  the 
manufacturer  to  be  accurate  to  +1  nm  over  the  full  range  of  travel.  The  excimer  laser  is 
externally  triggered  and  firing  is  coordinated  with  stage  motion  such  that  shots  can  be  fired  at 
specified  incremental  distances,  even  for  arcs  or  arbitrary  curves.  The  Tnayimnin  writing  speed 
depends  ultimately  on  the  required  shot  spacing  and  the  maximum  laser  repetition  rate  of 
2000  Hz.  The  required  shot  spacing,  in  turn,  is  usually  determined  by  the  TniniTmiTn  feature 
size  and  therefore  the  machining  laser  spot  size.  Using  a  spot  diameter  of  ~14  nm,  we  have 
written  1  mm  x  1  mm  DOE’s  in  ~6  minutes.  We  are  currently  developing  methods  for 
significantly  decreasing  fabrication  time  still  further.  We  will  report  on  a  simple  technique  for 
varying  the  cutting  laser  aperture  size  (Fig.  1)  under  computer  control.  This  will  permit  the 
use  of  a  large  laser  swath  for  larger  features,  e.g.,  the  innermost  zones  of  a  Fresnel  lens,  then 
decreasing  the  laser  kerf  for  finer  features,  resulting  in  a  substantial  increase  in  speed. 
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Figure  2.  Direct- write  fabrication  of  a 
binary  grating.  Diffractive  elements  are 
generated  by  photo-ablative  removal  of 
portions  of  a  -0.4  nm  thick  polyimide 
layer  on  fused  silica. 
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Depending  on  the  application,  the  desired  motion  program  may  be  generated  directly  from 
a  CAD  program  and  executed  much  like  a  pen  plotter.  We  have  written  simple  Visual  Basic^M 
programs  as  well  as  Microsoft  Excepw  macros  that  define  the  structures,  then  command  the 
motion  and  laser  firing  directly.  The  sample  elements  in  Fig.  3  were  each  created  in  Exceftw. 
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For  example,  in  the  case  of  the  toroidal  lens,  the  user  enters  the  overall  size  of  the  element, 
the  focal  lengths  in  both  major  axes,  and  the  angle  of  rotation  (here  45°).  The  laser  machining 
parameters  such  as  laser  kerf  and  stage  velocity  may  also  be  adjusted.  The  program  uses 
these  parameters  to  determine  a  series  of  elliptical  tool  paths  that  will  result  in  the  desired 
structure.  Clicking  the  “Machine  Now*  button  executes  the  motion.  In  minutes  a  completed 
and  functioning  diffractive  element  is  produced.  No  subsequent  processing  is  required. 
Typical  diffraction  efficiency  into  the  m=+l  order  is  38-40%  of  transmitted  Ught. 

Blazed  or  Contoured  Structures 

Improving  the  diffraction  efficiency  beyond  the  -40%  limit  for  2-level  structures  requires 
blazing  of  the  grating.  The  literature  documents  many  examples  of  precisely  fabricated 
sawtooth-hke  diffractive  structures  with  demonstrated  efficiencies  that  approach  100%. 
Production  of  these  elements  using  traditional  lithographic  techniques  is  a  complex  and 
costly  process  requiring  multiple  exposure  and  etch  cycles.  Excimer  micromachining  of  these 
blazed  gratings  represents  a  formidable  challenge.  Accuracy  and  precision  in  the  plane  of  the 
structure  depends  mainly  on  the  laser  spot  size  and  the  quality  of  motion  control.  Extending 
the  process  to  the  third  dimension,  depth,  adds  new  factors,  including  laser  fluence,  beam 
homogeneity  or  intensity  profile,  and  shot-to-shot  reproducibility,  as  well  as  spot  overlap  or 
“stitching”  patterns.  Deviation  from  an  ideal  depth  profile  often  results  in  light  scattering  into 
undesired  orders.  Smaller  scale  surface  roughness  leads  to  diffrxse  scattering.  Either  implies  a 
loss  of  diffraction  efficiency. 
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Figure  4.  Three  approaches  to  3-dimensional  direct-write  ablative  micromachining 
of  diffractive  structures. 

Figure  4  outlines  three  general  approaches  to  direct-write  micromachining  of  blazed 
gratings.  The  first  is  to  simply  focus  the  beam  to  a  size  that  is  small  compared  to  the  grating 
period.  The  laser  intensity  is  adjusted  such  that  the  depth  of  material  removed  per  shot  is 
■gman  compared  to  the  maximum  desired  depth.  In  this  way,  3D-pixel-like  volume  elements 
can  be  removed  with  each  laser  shot.  Control  of  depth  is  achieved  by  varying  the  beam 
intensity  and  number  of  shots  per  unit  area.  Although  this  method  is  the  most  versatile  in 
that  arbitraiy  3-D  surface  structures  can  be  fabricated,  it  has  a  number  of  disadvantages. 
Chief  among  them  is  the  relatively  slow  writing  speed.  The  small  spot  size  and  low  intensity 
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required  to  remove  ~100  nm/shot,  means  that  most  of  the  available  pulse  energy  is  discarded. 
For  a  blaze  that  coiresponds  roughly  to  an  8-level  ramp,  between  0  and  7  shots  must  be 
provided  for  each  pixel.  For  example,  a  1  cm^  grating  with  IS-jim  period  (2  jim  pixel  size) 
would  require  ~24  hours  of  writing  time  with  the  laser  averaging  1  kHz  pulse  repetition  rate. 

The  second  approach  uses  beam  shaping  to  dramatically  increase  the  writing  speed.  A 
trapezoidal  aperture  (Fig.  1)  is  imaged  onto  the  workpiece.  The  distance  between  the  parallel 
sides  of  the  trapezoid  determine  the  grating  period.  The  stage  is  translated  (or  rotated)  in  a 
direction  parallel  to  these  sides  and  the  laser  pulse  spacing  is  set  so  that  there  is  little  overlap 
at  the  narrow  side.  The  wider  side  receives  multiple  overlapped  shots  resulting  in  greater 
depth.  The  ratio  of  the  lengths  of  the  parallel  sides  determines  the  blaze  angle.  The  trapezoid 
need  not  be  regular.  Nonlinearily  in  machining  depth  may  be  compensated  by  curving  the 
nonparallel  sides  appropriately.  A  great  advantage  in  speed  is  realized  because  a  much  larger 
fraction  of  the  laser  pulse  energy  is  utilized.  The  same  1  cm*  sample  grating  that  took 
24  hours  to  produce  with  the  discrete  method  can  now  be  realized  in  under  1  hour.  Fig.  5 
shows  profiles  of  two  test  gratings  made  with  these  two  methods.  Although  this  work  is  in  an 
early  stage,  we  have  already  demonstrated  grating  efficiencies  of  >70%  for  633  nm  light. 

Finally,  a  further  increase  in  writing  speed  can  be  attained  by  the  third  method,  laser 
intensity  profile  shaping.  The  laser  passes  through  a  graded  attenuator  resulting  in  a  ramped 
intensity  profile  in  the  image  plane.  The  blaze  angle  may  be  achieved  in  as  little  as  a  single 
shot.  Work  with  this  technique  is  just  getting  underway.  We  plan  to  present  a  comparison  of 
each  of  these  methods. 


Figure  5.  Depth  profiles  of  some  prefiminaiy  ramped  structures  micromachined  into 
polyiimde.  The  left  shows  a  16-nm  period,  ~1.5  nm  deep  and  was  fashioned  by 
rastering  a  ~3.5-nm  diam.  beam  up  to  7  times  per  row  or  28  times  per  grating  period 
(Discrete  method  Fig.  4).  The  right  shows  a  40-nm  period,  -0.8  jim  deep  grating 
fabricated  by  overlapping  trapezoid-shaped  beams.  The  measured  efficiency  for  this 
preliminary  structure  was  >70%.  Note  that  each  grating  period  requires  only  one  pass 
with  this  method  vs.  28  for  the  raster.  Profiles  obtained  with  the  integrated  Wyko  RST. 
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The  fabrication  of  surface  relief  diffractive  elements  using  a  series  of  binary  exposures  and 
etches  in  photo-resist  is  attractive  because  it  relies  upon  standard  lithographic  techniques  [1]. 
Disadvantages  of  this  process  include  the  necessity  for  mask  generation  prior  to  photoresist 
exposiue  and  the  logarithmic  relationship  between  the  desired  number  of  phase  levels  and  number 
of  exposures.  To  overcome  the  latter  restriction,  the  generation  of  gray  level  masks  has  been 
proposed  [2].  However,  both  restrictions  can  be  overcome  if  the  photoresist  is  exposed  directly. 
Electron  beam  [3]  and  laser  beam  direct-write  [4]  procedures  have  been  proposed.  Electron  beam 
writing  is  attractive  for  its  high  resolution  and  laser  beam  writing  for  its  cost.  Both  high 
resolution  and  low  cost  are  possible  if  a  tapered  fiber  is  used  to  deliver  energy  to  the  photoresist 
[5,6].  We  report  on  the  fabrication  of  diffractive  gratings  with  submicron  features  using  a  tapered 
fiber  to  deliver  ultra-violet  (UV)  energy  to  a  layer  of  photoresist. 

By  placing  a  small  aperture  some  distance  from  a  surface,  where  the  distance  is  much  less 
than  the  wavelength  of  the  illumination,  it  is  possible  to  resolve,  or  create  lithographically, 
structures  that  are  significantly  smaller  than  one  wavelength  [7-9].  These  "near-field"  optical 
experiments  are  generally  performed  with  an  aperture  determined  by  the  tip  of  a  tapered  optical 
fiber.  A  tapered  multimode  or  single-mode  optical  fiber  always  becomes  single  mode  (HEu)  as 
the  tip  is  approached.  If  the  taper  is  sufficiently  gradual,  or  adiabatic,  minimal  mode  conversion 
loss  occurs  and  substantial  power  reaches  the  tip. 

Lithographic  spatial  resolution  of  200-300  nm  has  been  obtained  with  a  454  nm  Ar^  ion 
laser  and  uncoated  fiber  tips  [5].  When  metal  coated  fiber  tips  were  used  the  resolution  was 
improved  to  approximately  80  nm.  We  have  demonstrated  a  spatial  resolution  on  the  order  of 
100  nm  with  a  248-nm  KrF  excimer  laser  even  with  uncoated  fiber  tips  [6],  which  is  comparable 
to  results  generated  by  metal  coated  tips  [5].  Uncoated  fiber  tips  are  more  convenient  in  practical 
applications.  In  addition,  these  techniques  have  allowed  us  to  study  local  nonlinear 
photochemistry  processes  that  occur  during  photolithographic  writing.  This  is  the  only 
experimental  technique  to  our  knowledge  that  makes  such  measmements  possible. 

Our  experiments  were  performed  using  a  reflection  mode  near-field  scanning  optical 
microscope  (NSOM).  The  NSOM  is  represented  schematically  in  Fig.  1.  For  course  positioning. 
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the  sample  is  placed  on  a  tri-axis  translation  stage  driven  by  three  New  Focus™  Picomotors.  The 
sample  is  illuminated  by  an  adiabatically-tapa-ed  fiber  tip  which  is  held  at  a  constant  distance  from 
the  sample  by  means  of  shear  force  feedback  [10].  The  tip  is  mounted  on  a  piezotube  that 
provides  both  three  axis  motion  in  the  nanometer  range  and  dithers  the  tip  for  shear  force 
measurement.  By  recording  the  shear  force  feedback  signal  during  writing,  we  are  able  to 
measure  the  topography  of  the  sample  with  nanometer  resolution.  The  fiber  tip  is  drawn  at  the 
end  of  100  p,m  UV  fiber  by  heating  it  with  a  CO2  laser  beam  in  a  micro-pipette  puller. 

The  source  of  illumination  is  an  excimer  laser  coupled  into  the  fiber  using  a  reflective 
microscope  objective.  The  laser  is  operated  at  a  200  Hz  pulse  repetition  rate  with  a  pulse 
duration  of  60  ns.  The  average  laser  power  was  5  mW.  For  lithography,  the  laser  was  gated  so 
that  single  pulses  could  be  used  to  write  patterns  on  the  sample.  This  enables  proper  control  of 
the  exposure  of  thin  (200-500  nm)  films  of  photoresist. 

The  use  of  shear  force  feedback  allows  us  to  detect  changes  in  the  photoresist  film  prior  to 
development.  The  photochemical  reactions  in  the  photoresist  film  lead  to  morphological  changes 
that  alter  the  volume  of  the  irradiated  areas  and  lead  to  variations  in  the  height  of  the  film.  These 
changes  are  easily  detected  due  to  the  extreme  sensitivity  of  the  shear  force  technique  to 
variations  in  sample  height.  Afta*  exposure,  the  sample  is  immediately  raster  scanned  by  the  same 
tip  used  for  writing  and  the  shear  force  feedback  signal  is  recorded. 

Figure  2  contains  two  images  of  diffraction  gratings  written  into  the  surface  of  photoresist. 
The  images  were  obtained  after  exposure  but  prior  to  development.  The  scales  below  the  images 
indicate  height  variations  in  the  surface,  which  we  expect  to  deepen  after  development.  The 
grating  periods  for  Figs.  2(a)  and  (b)  are  approximately  500  nm  and  250  nm,  respectively.  The 
feature  sizes  in  both  cases  are  slightly  less  than  the  period.  The  power  used  to  write  the  250-nm 
grating  was  roughly  one-third  that  which  was  used  to  write  the  500-nm  grating.  Our  observations 
show  that  the  intensity  of  light  is  the  most  decisive  factor  that  determines  size  of  a  single  spot  [6]. 

In  conclusion,  we  have  demonstrated  direct-write  UV  lithography  using  a  NSOM  with 
uncoated  fiber  tips  and  also  developed  a  convenient  technique  that  uses  shear  force  methods  to 
adjust  experimental  parameters  during  lithography  experimaits.  Diffraction  gratings  with  500  nm 
and  250  nm  periods  were  fabricated.  A  portion  of  this  research  was  supported  by  the  Department 
of  Defense  through  contract  number  MDA  904-92-C-M023. 
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Fig.  1.  Schematic  representation  of  near-field  scanning  optical 
microscope  used  for  direct-write  lithography. 
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(a) 


(b) 


Fig.  2.  Topographical  changes  in  the  surface  of  photoresist,  after  UV  exposure  and  prior  to 
development,  detected  using  shear  force  feedback.  Image  scales  are  |im.  Difftaction  gratings 
with  periods  of  (a)  500  nm  and  (b)  250  nm. 
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In  order  to  satisfy  the  growing  industrial  need  for  Diffractive  Optical  Elements  (DOEs), 
fabricated  at  a  low  price,  we  investigated  the  gray  level  mask  fabrication  aproach.  Our  apoach 
allows  mask  fabrication  by  a  single  e-beam  direct  write  step  without  any  involved  resist 
processing.  The  mask  can  then  be  used  in  a  optical  lithography  tool  to  generate  a  DOE  structure 
in  photoresist.  This  DOE  structure  will  then  be  transfered  into  the  substrate  material  by  the  use 
of  a  chemically  assisted  ion  beam  etching  (CAIBE)  process. 

HEBS-Glass  [1]  is  a  mask  material  sensitive  towards  e-beam  exposure,  an  exposure  with  a 
certain  electron  beam  dosage  changes  the  optical  density  of  the  material  according  to  Fig.  1. 


367  jxC/cm^ 
— 5lt—  225  pC/cm^ 
134  pC/cm^ 
80  pC/cm' 

25  pC/cm' 
OpC/cm^ 


Fig.  1  Optical  density  of  HEBS  material  after  exposure  with  30  kV  e-beam  acceleration  Voltage. 

The  exposure  necessary  for  this  measurement  was  done  in  our  Cambridge  EBMF-10.5  using  a 
25  nA  writing  current,  a  0.1  micron  addressing  grid  size  and  an  acceleration  Voltage  of  30  kV. 
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This  transmission  data  was  collected  using  a  Hitachi  U-2000  photo  spectrometer.  After  e-beam 
exposure  the  mask  needs  no  further  development  or  fixation  process.  The  mask  with  varying 
optical  densities  can  then  be  used  to  expose  a  photo  resist  in  a  contact  aligner.  This  allows  to 
associate  a  certain  resist  thickness  after  development  with  each  optical  density.  The  information 
was  used  to  determine  the  e-beam  dosages  for  each  of  the  (i.e.  32)  phase  levels  necessary  to 
generate  a  DOE.  Software,  previously  written  in  house,  to  support  mask  making  and  direct 
write  approaches  [2]  for  the  fabrication  of  DOEs,  was  used  to  generate  the  necessary  e-beam 
data.  The  so  generated  HEBS-Glass  gray-level  mask  can  be  used  to  expose  numerous  DOEs 
using  an  optical  lithography  tool.  After  many  copies  of  the  mask  on  the  photo  resist  are 
developed,  many  substrates  with  the  developed  photo  resist  will  be  placed  in  a  CAIBE  [3] 
system,  to  simultaneously  transfer  the  microstructures  from  the  analog  resists  onto  the  surfaces 
of  the  substrates.  The  number  of  substrates  that  can  be  etched  simultaneously  will  depend  on 
the  relative  size  of  the  ion  source  in  the  CAIBE  system  and  the  size  of  the  substrate.  The  DOE 
array  shown  in  Fig.  2  was  generated  this  way.  This  scanning  electron  micrograph  shows  an 
array  of  10  by  10  spherical  on  axis  lenses  with  an  fW  of  3.1,  the  aperture  size  of  the  lenses  is  100 
by  100  microns  and  the  lenses  are  designed  for  the  use  with  830  nm  wavelength. 


Fig.  1  Scanning  electron  micrograph  of  lenslet  array  fabricated  by  employing  a  HEBS-Glass 
gray  level  mask  and  a  CAIBE  process. 
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The  described  fabrication  method  shows  a  possibility  for  cost  effective  mass  fabrication  of 
DOES.  There  is  a  number  of  advantages  to  the  newly  developed  approach. 

The  mask  fabrication  is  simplified  and  more  cost-effective.  Instead  of  a  set  of  masks  (i.e.  5 
masks  for  32  phase  levels)  with  all  the  associated  resist  processing,  only  a  single  mask  needs  to 
be  exposed  in  the  e-beam  writer  and  no  resist  processing  is  associated  with  the  mask  generation. 

All  phase  levels  are  written  in  a  single  step  on  a  single  mask.  The  inevitable  miss  registrations 
and  associated  efficiency  losses  between  subsequent  exposures  are  avoided. 

Third  the  number  of  processing  steps  for  the  DOE  fabrication  compared  to  a  binary  mask 
fabrication  method  (i.e.  32  phase  levels)  is  reduced  by  a  factor  of  5.  This  will  reduce  the  cost  for 
high  quality  monolithic  DOEs  substantially. 

Fourth  even  with  a  binary  fabrication  method  for  master  fabrication  and  a  following  replication 
step  based  on  injection  molding  this  replication  method  only  becomes  economic  with  a  number 
of  DOES  to  be  fabricated  in  the  lO’s  of  thousands.  Since  the  proposed  fabrication  method 
greatly  reduces  the  involved  fabrication  steps  resulting  in  a  cost  reduction,  the  number  at  which 
molding  based  methods  become  economically  feasible  will  grow  considerably.  This  will  allow  to 
avoid  the  problems  associated  with  the  molding  approach.  The  material  which  is  best  suited  for 
the  application,  can  be  chosen  without  being  limited  by  the  constraints  of  the  molding  material 
(i.e.  limited  temperature  range  of  operation  or  limited  wavelength  range).  Also  all  the  involved 
materials  and  tools  are  compatible  with  VLSI  fabrication  so  that  no  new  fabrication  or  software 
tools  need  to  be  established  unlike  in  the  case  of  replication  by  injection  molding  or  casting. 

There  is  a  considerable  gain  in  turn  around  time  since  the  number  of  production  steps  has  been 
reduced  and  the  mask  fabrication  steps  have  been  simplified. 
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Diffractive  optical  elements  can  be  realized  by  fabricating  surface  relief  structures  with 
features  shorter  than  the  wavelength  of  light. These  structure  have  the  properties  of 
homogeneous  layers  of  material  but  with  effective  indexes  of  refraction  determined  by  the  duty 
cycle  of  the  surface  features.  Lateral  variations  in  those  duty  cycles  lead  to  lateral  gradients  in 
refractive  index  and,  potentially,  surface  elements  with  very  high  diffraction  efficiencies. 

Here  we  present  a  high-efficiency,  dielectric,  subwavelength  surface  relief  “blazed 
grating,”  *  ^  —  a  single  “blazed-tooth”  of  which  is  shown  in  the  scanning  electron  micrograph 
(SEM)  in  Fig.  1  —  and  report  recent  results  on  a  subwavelength  “anti-reflection”  (AR)  surface 
shown  in  the  SEM  in  Fig.  2.  These  structures  were  designed  for  use  at  975  nm.  To  our 
knowledge,  this  is  the  shortest  wavelength  for  which  semiconductor  structures  of  these  types  have 
been  successfully  demonstrated.  The  structures  were  fabricated  in  GaAs  substrates.  Our  choice  of 
wavelength  and  substrate  material  was  motivated  by  interest  in  integrating  diffractive  optical 
elements  with  vertical-cavity  surface-emitting  laser  diodes  and  other  semiconductor  optoelectronic 
devices. 

The  subwavelength  diffractive  structures  use  a  single  lithographic  fabrication  and  still  have 
high  efficiencies,  even  for  fast  lenses.  In  contrast,  conventional  diffractive  optical  elements  with 

high  efficiency  require  multiple  lithographic  steps  to  produce  modulo  2jt  stepped  profiles  that 

approximate  the  ideal  refractive  surface  profile.  The  precise  alignment  needed  for  each  lithographic 
step  in  a  multilevel  process  is  challenging. 

Various  schemes  for  modulating  the  grating  features  have  been  proposed.’  In  our  approach 
we  simultaneously  vary  all  the  free  parameters:  the  etch  depth,  width  and  spacing,  rather  than 
artificially  constraining  our  optimization  to  be  analogous  to  pulse-width  or  pulse-position 
modulation.  Instead  we  rely  on  fabrication  based  constraints,  such  as  minimum  lithographic  line 
width  and  maximum  groove  aspect  ratio.  In  each  case  the  merit  function  for  the  optimization  is 
comprised  of  a  rigorous  coupled  wave  theory  (RCWT)  calculation  of  the  light  transmitted  into  the 

desired  diffracted  order.*  The  optimization  in  accomplished  by  using  a  straightforward  gradient 
method.® 


Transmitted  Power 
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Fig.  1.  An  SEM  of  a  single  subwavelength  “blazed 
tooth'’  generated  by  etching  10  subwavelength  grooves 
into  a  GaAs  surface.  The  resulting  “blazed  grating”  is 
seen  to  diffract  85%  of  the  transmitted  light  into  the 
first  order.  (See  Fig.  3) 


Fig.  2.  An  SEM  of  three  of  the  teeth  comprising  a 
subwavelength  “AR  surface”  etched  into  GaAs 
This  surface  transmits  ^-96%  of  incident  light. 
(See  Fig.  4) 
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Fig.  3.  A  scatterometer  trace  of  the  light 
diffracted  by  the  subwavelength  blazed  grating 
shown  in  Fig.  1.  85%  of  transmitted  light  is 
diffracted  into  the  first  order. 


Fig.  4.  Measured  reflectance  for  TE  and  TM  light 
incident  on  the  subwavelength  AR  surface  shown  in 
Fig.  2.  The  error  bars  represent  the  spread  in  the 
data  over  several  samples.  The  theory  bands 
represent  the  values  predicted  for  variations  in  teeth 
widths  (47-55  nm). 
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Table  1.  Summary  of  Results 


AR  Surface 
(Transmission) 

Blaze  Grating 
(%  in  1st  Order) 

f#1.5  Lens 
(%  in  1st  Order) 

Theoretical  Maximum 

100% 

100% 

100% 

Theoretical  Design 

100% 

99% 

92% 

Measured 

96±2% 

85±1% 

(In  Fabrication) 

Table  1  shows  a  summary  of  our  results  in  these  subwavelength  structures.  The  top  row 
shows  the  theoretical  maximum  achievable  by  using  the  subwavelength  approach.  Notice  that  in 
each  case  the  maximum  is  100%.  The  second  row  shows  theoretical  results  obtained  using  a 
modified  RCWT  code  to  predict  output  of  optimized  structures  with  fabrication  constraints.  The 
resulting  AR  and  Blazed  grating  structures  are  shown  in  Figs.  1  and  2.  The  third  row  shows  the 
experimentally  measured  values  for  these  elements.  These  results  are  further  described  in  Figs.  3 
and  4,  respectively.  At  the  time  of  writing,  the  lens  has  yet  to  be  fabricated  and  tested.  It  is  worth 
mentioning  in  passing  that  the  design  for  this  lens  is  more  fabrication  tolerant  than  the  design  used 
for  the  blazed  grating. 
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Fresnel  zone  plates  are  diffractive  optical  elements  which  are  currently  being  used  for  high  resolution 
x-ray  microscopy.  Several  groups  fabricate  zone  plates  for  use  in  specific  microscopes  [1]  and  we  present 
here  a  summary  on  the  fabrication  of  zone  plates  for  use  in  the  Scanning  Transmission  X-ray  Microscope  at 
the  National  Synchrotron  Light  Source.  X-ray  microscopy  has  demonstrated  imaging  with  resolution  five 
times  superior  to  that  which  can  routinely  be  achieved  by  visible  light  microscopy.  In  addition,  x-rays  with 
wavelengths  between  the  carbon  (4.2  nm)  and  oxygen  (2.3  nm)  K  absorption  edges  are  absorbed  nearly  an 
order  of  magnitude  more  strongly  by  organics  than  by  water.  This  creates  a  natural  absorption  contrast 
mechanism  and  allows  the  viewing  of  many  biological  specimens  wet  and  intact  (without  sectioning) 
and  at  atmospheric  pressure  [2].  By  taking  advantage  of  the  spectroscopic  properties  of  x-  rays,  x-ray 
microscopy  can  be  used  to  map  chemical  elements  and  their  binding  states.  Fluorescent  chemical  labels 
and  gold  labels  can  also  be  imaged  at  high  resolution.  Furthermore,  several  labs  including  ours  are 
developing  the  capability  to  view  radiation-tough  frozen  hydrated  specimens  in  x-ray  microscopes. 

At  soft  x-ray  wavelengths  all  materials  both  absorb  and  phase  shift  light,  so  it  is  not  possible  to  make 
the  usual  refractive  optical  elements  for  soft  x-rays.  Fresnel  zone  plates  are  the  diffractive  optical  elements 
currently  being  used  for  the  highest  resolution  imaging  with  soft  x-rays.  A  Fresnel  zone  plate  consists  of 
a  series  of  concentric  rings  or  zones  of  material.  The  placement  of  the  zones  for  a  source  at  infinity  is 
given  by  the  equation  =  nf\  -f  n^A^/4,  where  n  is  the  zone  number,  r„  is  the  radius  of  the  n’th  zone, 
f  is  the  focal  length  and  A  is  the  wavelength.  The  zones  therefore  become  closer  together  and  smaller 
towards  the  outside  of  the  zone  plate.  The  size  of  the  focal  spot  of  the  zone  plate  is  roughly  equal  to  the 
width  of  the  outer  zone,  which  also  determines  the  finest  spatial  resolution  that  can  be  achieved  by  the 
microscope.  In  addition,  to  achieve  this  resolution,  the  zones  have  to  be  placed  with  accuracy  better  than 
1/3  their  width.  The  highest  resolution  zone  plates  we  have  fabricated  have  30  nm  outer  zone  widths, 
and  are  expected  to  give  Raliegh  resolution  of  36  nm.  Preliminary  results  indicate  an  improvement  in 
resolution  compared  to  the  45  nm  zone  plates  used  previously. 

A  diagram  of  the  optical  arrangement  of  the  Scanning  Transmission  X-ray  Microscope  (STXM)  is 
shown  in  figure  1,  and  its  operation  is  described  in  detail  elsewhere  [3].  The  Fresnel  zone  plate  forms  a 
microprobe,  and  the  sample  is  placed  at  its  focus.  In  the  typical  transmission  mode  of  operation,  the 
sample  is  scanned  and  a  proportional  counter  records  the  intensity  intensity  through  the  sample.  Because 
the  zone  plate  is  a  diffractive  optical  element,  imaging  in  this  arrangement  requires  coherent  illumination 
of  the  zone  plate.  X-rays  are  provided  by  a  high  brightness  soft  x-ray  undulator  on  the  2.5  GeV  ring  of 
the  National  Synchrotron  Light  Source.  A  spherical  grating  monochromator  is  used  to  spectrally  filter 
the  beam  to  A/AA  =  200  -  1500.  Ideally,  one  has  A/AA  ~  A/2,  where  N  is  number  of  zone  plate  zones. 

Because  zone  plates  are  not  100%  efficient  optical  elements,  much  of  the  light  is  focused  into  unwanted 
orders  or  goes  straight  through  the  zone  plate  as  zero  order  light.  Figure  1  shows  how  the  combination 
of  an  apodized  zone  plate,  or  zone  plate  with  a  central  stop,  and  an  order  sorting  aperture  removes  the 
unwanted  orders  of  light.  Because  the  central  stop  is  a  large  area  of  the  zone  plate,  the  central  stop  needs 
to  be  very  opaque  to  soft  x-rays.  We  made  the  central  stop  of  gold  300  nm  thick,  which  blocks  99.94% 
of  the  x-rays  incident  with  a  wavelength  of  3.1  nm  [4]  and  therefore  reduces  the  central  stop  integrated 
flux  to  satisfactory  low  levels. 
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Figure  1:  Arrangement  of  the  STXM. 
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Figure  2:  Fabrication  with  a  trilayer  resist,  a)  exposure  and  development,  b)  RIE  (reactive  ion  etch)  thin 
Ge  mask,  c)  RIE  AZ  photoresist  d)  RIE  thick  Ge  substrate. 


The  zone  plates  were  fabricated  on  supporting  square  Si3N4  membranes  approximately  0.25  mm  wide 
and  120  nm  thick.  The  fabrication  technique  for  the  membranes  is  similar  to  methods  described  else¬ 
where  [5].  After  the  fabrication  of  the  membranes,  a  gold  central  stop  was  fabricated  on  each  membrane. 
In  the  same  step  gold  alignment  crosses  were  also  made  on  the  wafer  off  of  the  membrane  for  proper 
placement  of  the  zones  relative  to  the  central  stop.  The  technique  used  in  the  fabrication  of  the  gold 
features  is  similar  to  techniques  described  in  more  detail  elsewhere  [6].  A  bilayer  resist  structure  was 
placed  on  the  wafer,  and  the  features  were  patterned  in  the  resist  by  electron  beam  lithography.  300  nm 
of  gold  was  then  evaporated  on  top  of  a  10  nm  layer  of  chrome,  used  to  improve  adhesion.  The  resist 
was  then  removed  in  warm  acetone,  lifting  off  the  unwanted  gold  and  leaving  behined  the  desired  gold 
features. 

The  trilayer  resist  structure  used  for  the  patterning  of  the  Ge  zones  is  shown  in  figure  3.  The 
electron-beam  exposure  was  done  in  a  commercially  available,  JBX-6000FS  e-beam  lithography  system 
manufactured  by  JEOL  Ltd.  This  machine  can  deliver  a  current  of  100  pA  into  6  nm  spot  size,  allowing 
each  zone  plate  to  be  exposed  in  less  than  5  minutes.  (The  same  machine  is  also  used  to  expose  the 
central  stops  and  alignment  crosses,  but  at  a  higher  current  and  larger  spot  size  setting).  The  machine 
also  has  excellent  placement  precision  and  can  write  in  an  (80^m^)  field  without  having  to  move  the 
sample.  These  characteristics  make  it  idealy  suited  for  the  fabrication  of  high  resolution  and  relative 
large  zone  plates,  80  /im  in  diameter.  (A  large  diameter  zone  plate  is  necessary  for  reasonable  working 
distances  in  the  microscope).  However,  the  lithography  system  is  not  optimized  for  drawing  circular 
structures  and  this  causes  irregularities  which  will  be  discussed  later. 

After  exposure  and  development  of  the  thin,  40  nm,  layer  of  PMMA,  the  pattern  was  transferred  to 
the  very  thin  Ge  layer,  10  nm,  below  by  reactive  ion  etching  in  CFaBr  gas.  Reactive  ion  etching  (RIE)  is 
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an  anisotropic  etching  technique  that  is  necessary  for  the  high  aspect  ratio  structures  we  wish  to  produce. 
Next,  the  Ge  acts  a  mask  for  the  RIE  of  the  85  nm  AZ  photoresist  in  O2.  The  final  180  nm  Ge  layer  is 
then  etched  by  RIE  in  CFsBr.  The  CFsBr  RIE  selectively  etches  the  Ge  approximately  4:1  over  the  AZ 
photoresist  which  had  been  previously  hard  baked  at  195  C".  There  is  only  a  small  amount  of  AZ  resist 
left  afterward,  which  can  then  be  removed  by  a  O2  RIE. 


Figure  4a:  View  of  all  the  zones 
in  a  zone  plate  with  30  nm 
outer  zones. 


Figure  4b:  Close  view 
of  the  outer  zones. 


Figure  4  shows  a  scanning  electron  micrograph  of  a  zone  plate  with  a  30  nm  outer  zone  width. 
Although  there  is  some  line  width  variation,  the  outer  zones  are  cleanly  resolved.  After  inspection  of  the 
line  width  variations  and  comparison  with  the  pattern  data  file,  we  concluded  that  these  variations  are 
due  to  the  method  the  machine  currently  uses  to  draw  circular  structures.  The  machine  can  only  natively 
draw  trapezoidal  and  rectangular  structures,  and  uses  a  conversion  program  to  convert  circles  or  arcs 
into  a  large  number  of  these  micro  figures  which  it  can  draw.  The  method  of  conversion  being  used  is 
not  well  suited  for  fine  circular  structures.  It  creates  an  extremely  large  number  of  micro  figures,  and  the 
boundaries  between  micro  figures  are  exposed  twice.  We  believe  this  double  exposure  is  responsible  for 
the  line  width  variations  we  see,  as  there  is  a  good  correspondence  between  the  patterns  in  the  zone  plate 
and  the  boundaries  of  the  micro  figures.  We  are  working  to  improve  the  method  used  to  draw  circular 
structures  by  modification  of  the  manufacturer’s  software. 

Figure  5  shows  an  image  of  resolution  test  pattern  taken  with  the  STXM  using  a  30  nm  zone  plate. 
Also  shown  is  a  reverse  contrast  scanning  electron  micrograph  of  the  test  pattern  for  comparison.  The  test 
pattern  was  fabricated  in  200  nm  of  Ge  on  a  SisN^  membrane  in  a  manner  analogous  to  the  fabrication  of 
the  zone  plate.  The  inner  ring  represents  features  40  nm  in  size  and  these  features  are  easily  be  resolved. 
Smaller  features,  (perhaps  as  small  as  30  nm)  can  also  be  resolved  although  it  is  difficult  to  tell  exactly 
because  the  features  in  the  test  pattern  are  not  clearly  defined  at  this  resolution. 

We  also  measured  the  diffraction  efficiency  of  the  same  zone  plate  by  measuring  the  flux  in  the  focal 
spot  and  comparing  this  with  the  flux  incident  on  the  Ge.  A  pinhole  aperture  of  known  size  was  used 
to  determine  the  flux  through  an  area  on  the  membrane  were  the  Ge  has  been  removed.  The  same 
pinhole  aperture  was  used  measure  the  flux  in  the  focal  spot.  The  diffraction  efficiency  of  the  zone 
plate  was  measured  to  be  4.3%  at  a  wavelength  of  3.1  nm.  This  efficiency  is  significantly  less  than  the 
theoretical  efficiency  of  10.5%,  which  was  determined  from  the  material  and  thickness  of  the  zones  and  its 
optical  properties  [7,  4].  However,  this  efficiency  is  still  high  enough  for  practical  use  in  the  microscope.  In 
scanning  x-ray  microscopy,  efficiency  is  not  critical  because  decreased  efficiency  does  not  lead  to  increased 
radiation  dose  to  the  sample. 

There  are  a  few  contributing  explanations  for  the  loss  in  efficiency.  We  believe  some  of  the  loss  in 
efficiency  is  due  to  the  line  width  variations  we  have  already  discussed.  Another  contribution  is  from  the 
Ge  being  less  dense  than  expected.  We  measured  the  Ge  to  be  considerably  less  opaque  to  x-rays  than 
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would  be  expected  from  the  thickness  and  known  scattering  factors.  When  we  recalculated  the  density 
of  the  Ge  from  the  transmission  of  x-rays,  we  calculated  the  ideal  efficiency  of  the  zone  plate  to  be  about 
8.0%.  Another  possible  contribution  to  loss  in  efficiency  would  be  incomplete  etching  of  the  Ge.  The 
scanning  electron  micrographs  we  have  taken  do  not  clearly  indicate  whether  the  Ge  is  completely  etched, 
so  we  are  continuing  to  investigate  this  as  a  possibility. 


Figure  5a:  STXM  image  of  test  Figure  5b:  Reverse  contrast  SEM  image 

pattern  taken  using  a  zone  plate  of  the  same  test  pattern, 

with  30  nm  outer  zones. 

Fresnel  zone  plates  are  diffractive  optical  elements  that  can  be  used  for  imaging  with  soft  x-rays  at 
resolutions  superior  to  that  which  can  be  achieved  by  routine  visible  light  microscopy.  We  have  fabricated 
zone  plates  which  focus  soft  x-ray  light  into  a  spot  size  of  approximate  30  nm.  Focusing  soft  x-rays  in 
this  manner  represents  the  smallest  focal  spot  of  electromagnetic  waves  at  any  wavelength. 
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Batch  fabrication  of  multiple  projects  to  spread  the  non-recurring  costs  and  there¬ 
fore  reducing  the  cost  of  prototype  custom  circuits  has  been  carried  out  for  silicon 
integrated  circuits  (MOSIS).  Recent  efforts  along  this  line  include  batch  fabrication 
of  optoelectronic  devices  through  the  CO-OP  program.  In  this  talk,  we  will  discuss 
issues  involved  in  providing  multi-project  foundry  fabrication  of  diffractive  optical 
elements  through  the  binary  optics  approach.  Cost  comparison  with  other  competing 
technologies  will  be  made. 
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1.  Introduction 

Laser  writing  technology  for  the  fabrication  of  continuous-relief  micro-optical  elements  is  being 
developed  at  a  number  of  institutes  worldwide  [1,2].  It  represents  a  very  powerful  and  flexible 
fabrication  technique  and  fits  well  to  replication  technology  in  which  the  resist  surface-relief 
microstructure  can  be  electroformed  and  replicated  into  plastic  material.  Fig.  1  illustrates  the  essential 
production  steps  involved. 

Direct  laser  writing  technology  is  highly  suited  to  the  fabrication  of  ‘‘planar’  continuous-relief  micro- 
optical  elements,  with  typical  microstructure  of  about  5  |im  maximum  relief  and  in  certain  cases  up  to 
10  pm  or  more.  Accurate  control  of  the  exposure  beam  intensity  and  processing  parameters  enables 
continuous-relief  microstructures  to  be  fabricated  with  lateral  feature  resolution  under  5  pm  and  height 
resolution  better  than  10  nm. 

At  PSI,  laser  writing  and  replication  technology  is  used  for  the  fabrication  of  a  wide  range  of  Fresnel 
lenslets,  lenslet  arrays  and  other  ‘planar’  surface-relief  micro-optical  elements.  The  work  is  aimed  at 
establishing  routine  and  reliable  technology  for  the  low-cost  mass-production  of  a  wide  range  of  planar 
micro-optical  elements,  partly  in  collaboration  with  commercial  replication  houses  for  hot  embossing, 
uv-embossing  and  injection  moulding.  Recent  developments  include  the  fabrication  of  deep  (>10  pm) 
Fresnel  lenslets  for  investigating  white  light  applications  and  the  fabrication  of  lenslet  arrays  with  a 
focal  length  uniformity  of  better  than  ±0.2  pm  in  250  pm  for  applications  in  confocal  microscopy. 
This  paper  presents  the  current  status  of  laser  writing  and  replication  technology  at  PSI,  discusses  the 
fabrication  constraints  and  gives  examples  of  recently  fabricated  micro-optical  elements. 


2.  Laser  writing  technology 

A  3rd  generation  laser  writing  system  is  currently  being  installed  at  PSI  for  the  fabrication  of  planar 
micro-optical  elements  (see  Fig.  2).  A  photoresist-coated  substrate  is  raster  scanned  under  a  focused 
HeCd  laser  beam  (wavelength  X=  442  nm)  whose  intensity  can  be  synchronously  modulated  to  256 
discrete  levels.  In  the  new  system,  the  raster  scan  is  performed  by  a  roller-bearing  xy-stage  and  the 
focused  laser  writing  spot  is  generated  by  a  modified  Compact  Disc  (CD)  reader  autofocus  optic.  The 
current  dynamic  positioning  accuracy  of  the  xy-stage  is  about  35  nm  rms,  and  the  minimum  lateral 
feature  (segment)  size  which  can  be  fabricated  is  about  5  pm. 


Realtime  File 


Hot  amboasing 


Data  Preparation  Laser  Writing  Electrofoiming  Replication 

Fig.  1 .  Essential  steps  in  the  production  of  planar  micro-optical  elements  -  design  and  data 
preparation,  laser  writing,  electroforming  and  replication. 
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•  Fabrication  constraints 

There  are  three  main  types  of 
fabrication  constraints: 

a)  Positioning  errors  in  the  raster 
scan  leading  to  surface  roughness 

The  dynamic  positioning  accuracy 
of  the  xy-stage  is  crucial  for  the 
optical  performance  of  the 
fabricated  elements.  Since  the 
exposure  is  generated  by 
overlapping  Gaussian  beams,  a 
modulation  in  the  profile  with  a 
grating  period  of  the  interscan 
distance  is  created.  The  amplitude 
is  small  if  the  overlap  of  the 
Gaussian  beams  is  optimal  [2].  If 
the  interscan  distance  varies 
however,  this  modulation  can  become  significant  and  the  resulting  grating  structure  leads  to  stray  light 
and  a  reduction  in  the  optical  efficiency  of  the  element.  The  line  straightness  and  separation  must  thus 
be  controlled  as  well  as  possible  and  the  writing  spot  size  for  a  specific  element  is  chosen  as  large  as 
possible. 

b)  Limited  resolution  due  to  finite  writing  spot  size 

The  finite  writing  spot  size  (Fig.  3a)  leads  to  limitations  in  the  maximum  slope  (Fig.  3b)  which  can  be 
fabricated  in  the  surface  relief  and  thus  to  straylight  in  unwanted  diffraction  orders  and  an  efficiency 
reduction  in  the  fabricated  elements.  This  has  been  investigated  by  writing  blazed  grating  structures  of 
varying  periodicity  and  measuring  the  profile  and  diffraction  efficiency  (Fig.  3c).  For  a  focused  spot 
size  (FWHM)  of  about  1  pm  and  the  same  interline  distance,  the  diffraction  efficiency  in  the  current 
(2nd  generation)  writing  system  starts  decreasing  significantly  for  grating  periods  A  <  7  pm. 
Reducing  the  focused  spot  size  and  interline  spacing  leads  to  longer  writing  times  and  increased 
straylight  resulting  form  the  line  positioning  errors. 

This  effect  limits  the  minimum  feature  size  which  can  be  fabricated  in  practice  and  thus  also  the 
maximum  lenslet  Numerical  Aperture  (NA).  It  can  be  alleviated  by  using  thicker  resist  films  for 
fabricating  deeper  lenslets  with  larger  phase  steps  and  segment  sizes. 


Fig.  3  Effect  of  finite  writing  spot  size: 

a)  Writing  spot  diameter  D  and  segment  width  A;  b)  blaze  fraction  (1-e/A); 
c)  measured  blaze  fraction  and  diffraction  efficiency  as  a  function  of  the  grating  period. 
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c)  Control  of  the  depth  in  the  development  of  the  exposed  photoresist 

Errors  in  the  depth  of  fabricated  lenslets  have  different  influences  depending  upon  the  lens  design: 

•  for  purely  refractive  lenslets,  a  focus  shift  results,  but  the  efficiency  is  not  significantly  affected. 

•  for  lenslets  consisting  of  several  Fresnel  zones,  the  focus  position  is  less  strongly  affected  but  the 
efficiency  in  this  focus  decreases  in  favour  of  additional  foci. 

•  for  deep  Fresnel  lenses,  the  sensitivity  to  depth  scaling  errors  increases. 

These  effects  are  discussed  in  more  detail  in  Ref.  2  and  3.  The  appropriate  lens  design  must  be  chosen 
according  to  the  application  requirements.  The  optical  efficiency  of  microlenses  fabricated  at  PSI 
varies  in  practice  between  about  60  %  and  95  %,  depending  upon  the  element  feature  sizes.  These 
limitations  in  efficiency  and  straylight  are  outweighed  in  many  applications  by  the  advantages  of  a 
very  flexible  design  and  low  cost  replication  in  plastic  material. 


4.  Replication  technology 

The  physical  copying  of  surface-relief  microstructure  by  replication  techniques  such  as  hot  embossing, 
moulding  and  casting  is  expected  to  become  a  key  technology  for  the  low-cost,  mass-production  of 
micro-optical  elements  with  micrometer  or  nanometer  sized  features.  These  replication  processes  are 
capable  of  achieving  nanometer  resolution  over  large  areas  and  the  cost  of  replicated  microstructure  is 
relatively  independent  of  the  complexity  of  the  detailed  structure.  Replication  technology  is  already 
used  for  the  commercial  production  of  submicron  grating  structure  (hot  embossed  diffractive  foil  and 
security  holograms)  and  data  storage  microstructure  (injection  moulded  Compact  Discs). 


Fig.  4  shows  Ni  shims  and  micro- 
optical  structures  replicated  by 
embossing  and  moulding  tech¬ 
nologies.  Measurements  on  repli¬ 
cated  elements  show  that  the 
increased  surface  roughness 
introduced  by  the  replication 
process  can  be  held  to  1  or  2 
nanometers  for  optimised  replica¬ 
tion  technology.  The  commercial 
replication  of  microoptical 
elements  requires  further  devel¬ 
opment  to  routinely  handle  the 
deeper  and  finer  microstructures 
typical  for  elements  such  as 
refractive  and  diffractive 
microlenses,  binary  optics  and 
other  phase  DOEs. 


Fig.  4  Test  replicas  of  micro-optical  structures: 

Ni  shims  (left)  and  replicated  microstructure  (right) 


Work  is  underway  together  with  commercial  replication  houses  to  assess  the  performance  of  standard 
and  modified  replication  technology  for  various  types  of  micro-optical  elements.  The  major 
replication  techniques,  illustrated  in  Fig.  1.  can  be  summarised  as: 

Hot  embossing 

Stamping,  roller  and  reciprocating  systems  are  routinely  used  for  reproducing  diffractive  optical 
microstructures  such  as  holograms  and  submicron  grating  patterns  for  diffractive  foil  [2].  Commercial 
roll  embossing  systems  achieve  embossing  speeds  of  up  to  1  m/s  in  polymer  foil  of  up  to  2  m  width. 
Typical  polymers  include  PVC  and  PC  (polycarbonate);  for  fabricating  reflective  elements,  they  are 
often  precoated  with  a  thin  metal  film.  Typical  costs  for  hot  embossed  foil  are  below  $0,001  /  cm^. 
Although  commercial  roller  systems  are  fully  capable  of  submicron  resolution,  microstructure  with 
relief  amplitudes  in  excess  of  about  1  pm  present  considerable  problems.  Best  results  for  deeper 
microstructures  have  been  obtained  using  a  reciprocating  or  stamping  hot  press. 
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Injection  moulding 

Injection  moulding  is  standard  replication  technology  for  fabricating  CDs  and  is  now  being 
investigated  for  applications  in  micro-optics.  Injection  moulded  replicas  are  of  higher  cost  than  those 
fabricated  by  hot  embossing  (typical  CD  fabrication  costs  are  ~$0.01  /  cm^),  but  the  technology  has 
the  potential  of  producing  higher  quality,  deeper  microrelief  structures  in  stable,  thick  (>1  mm) 
PMMA  or  PC  substrates.  Initial  tests  have  shown  that  the  reproduction  of  high  aspect  ratio  (>1:1) 
microstructure  presents  problems  for  the  standard  CD  moulding  process.  Further  work  is  underway. 

Casting 

Casting  techniques  have  long  been  used  for  producing  very  high  fidelity  replicated  spectroscopic 
gratings  in  epoxy  materials.  Of  particular  interest  is  the  replication  into  a  thin  film  of  uv-curable 
material  coated  onto  a  rigid  substrate  such  as  glass,  or  using  a  roller  press  to  replicate  into  a  uv-curable 
film  on  a  plastic  substrate  film,  with  rapid  curing  at  the  contact  stage  or  shortly  afterwards  ('uv- 
embossing').  This  technology  is  particularly  suited  to  the  replication  of  deep  or  high  aspect-ratio 
microstructures.  Micro-optical  elements  are  routinely  fabricated  at  PSI  using  this  technology  and  tests 
at  a  commercial  uv-embossing  house  are  underway. 

4.  Examples  of  fabricated  micro-optical  elements 

Micro-optical  elements  for  a  variety  of  applications  have  been  produced  using  the  PSI  laser  writing 
system  and  replication  technology.  The  elements  cover  a  wide  spectrum  from  very  low  (0.01)  to  high 
(>  0.5)  numerical  aperture  (NA)  Fresnel  lenslets  and  lenslet  arrays  for  applications  such  as  wavefront 
testing,  laser  diode  to  fibre  coupling,  optical  computing  and  confocal  microscopy.  Two  examples  are 
the  following: 

•  IMicrolens  arrays  for  confocal  microscopy 

Lenslet  arrays  with  a  high  uniformity  of  the  focal  length  for  applications  in  confocal  microscopy  [4] 
have  been  fabricated  and  evaluated  in  collaboration  with  the  Tnstitut  fiir  Technische  Optik  , 
University  of  Stuttgart,  Germany.  The  arrays  consisted  of  200  by  200  microlenses  (each 
150  pm  X  150  pm  in  size)  with  a  focal  length  of  250  pm  (NA  =  0.28),  designed  for  a  wavelength  of 
X  =  780  nm.  The  lenslet  performance  is  dominantly  diffractive,  with  the  measured  focal  lengths  lying 
within  ±  200  nm  of  the  mean  value  of  250  pm,  with  a  mean  deviation  of  a  =  90  nm. 

•  Deep  Fresnel  lenses 

Lenslets  with  a  deep  profile  (>10  pm  relief)  were  fabricated  by  direct  laser  writing  in  a  thick 
photoresist  film.  Such  lenslets  are  of  interest  for  applications  in  white  light  micro-optical  systems,  the 
aim  being  to  combine  the  advantages  of  planar  microstructures  (compact,  lightweight,  mass- 
production  by  replication)  with  achromatic  or  broad-band  optical  behaviour. 
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Introduction 

Diffractive  optical  elements  (DOEs)  are  realized  either  as  continuous  surface-relief 
microstructures  (e.g.  by  direct-write  electron  beam  lithography  or  direct  laser  writing)  or 
as  binary  or  multilevel  reliefs  (mostly  using  semiconductor  fabrication  technology).  In 
general,  the  optical  performance  (especially  efficiency)  of  continuous-reliefs  is  superior  to 
that  of  their  binary  counterparts.  One  very  important  feature  of  DOEs  is  their  ability  to  be 
replicated  using  techniques  such  as  embossing,  casting  or  molding^.  Although  the 
manufacture  cost  of  one  original  DOE  is  relatively  high,  the  piecewise  cost  is  dramatically 
reduced  when  large  series  of  one  specific  DOE  is  wanted  (e.g.  in  telecommunication).  A 
method  particularly  well  suited  for  massproduction  of  DOEs  is  injection  molding^^.  We 
will  describe  the  process  of  replicating  continuous-relief  DOEs  by  conventional  CD 
injection  molding,  report  on  successfully  replicated  DOEs  and  discuss  the  fidelity  of  the 
process. 

Experiments  and  results 

Two  typical  continuous-relief  DOEs,  a  linear  blazed  grating  and  a  fan-out  element,  were 
chosen  as  test  structures.  The  blazed  grating  had  a  period  of  20  pm.  The  3x3  fan-out 
element,  with  a  periodicity  of  about  18  pm,  was  iteratively  calculated  using  a  modified 
Gerchberg-Saxton  phase-retrieval  algorithm  without  any  quantization  of  the  phase. 
Direct-write  electron  beam  lithography  (system  JEOL  JBX-SDH)  was  used  to  fabricate 
original  elements.  A  circular  (98  mm  diameter)  quartz  substrate  with  a  10  nm  layer  of  Cr 
was  spin-coated  with  positive  electron-resist  SAL  110-PLl  (Shipley)  to  a  resist  thickness 
of  2.8  pm.  The  layout  of  the  DOEs  on  the  substrate  had  to  be  made  considering  the  chosen 
molding  process.  In  the  e-beam  exposure  we  used  an  acceleration  voltage  of  50  kV  with  a 
beam  current  of  5.0  nA.  The  number  of  exposure  doses  was  64  and  these  were 
compensated  for  the  proximity  effect.  Successive  development  in  SAL-101  (Shipley) 
developer  followed.  A  total  development  time  of  10  minutes  resulted  in  relief  depths  of 
about  1  pm.  To  sustain  the  high  pressure  and  temperature  in  the  mold  process  a  copy  of 
the  original  micro-structure  in  form  of  a  stamper  has  to  be  made.  The  first  step  in  this 
process  is  to  form  a  conductive  coating  on  the  resist  surface.  We  sputtered  a  100  nm  Au- 
layer.  A  first-generation  Ni  master  can  then  be  produced  by  electroplating  Ni.  The  plating 
was  done  using  a  commercial  Toolex  Alpha  optical  disc  plating  system  (Toolex  P  250).  A 
Ni-thickness  of  300  pm  was  obtained  after  3  hours  plating.  The  plating  current  was 
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ramped  from  0.5  A  to  15  A.  The  Ni  copy  was  easily  separated  from  the  original  resist 
micro-structure  by  merely  "knocking"  on  the  backside  of  the  quartz  substrate.  The  resist 
micro-structure  is  then  destroyed  and  some  of  the  resist  may  stick  to  the  Ni  master. 
Plasma  etching  in  oxygen  of  the  Ni  master  was  used  to  remove  any  remaining  resist.  The 
backside  of  the  Ni  master  has  to  be  very  flat,  otherwise  the  high  pressure  in  the  mold  will 
destroy  the  master.  The  standard  technique  of  lapping  was  done  using  a  Toolex  PML-300 
Lapping  machine.  The  Ni  stamper  was  inserted  into  a  Toolex  MD 100  Injection  Molding 
machine.  This  is  a  commercial  machine  which  is  built  with  extreme  high  precision  for 
massproduction  of  optical  discs  of  various  formats.  Using  the  process  data  shown  in 
Table  1,  several  thousand  DOE  replicas  have  successfully  been  molded. 


Material 

Pressure 

Injection  temp. 

Tool  temp. 

Cycle  time 

Polycarbonate 
(Tg  =  155°  C) 

6  MPa 

360°  C 

120°  C 

==  10  sec. 

Table  1.  Mold  data  using  a  Toolex  MD  100  Injection  Molding  machine  to  replicate 
continuous-relief  DOEs. 

Original  and  replicated  DOEs  were  characterized  by  optical  measurements  and  AFM.  The 
diffraction  efficiency  (defined  as  the  measured  intensity  in  one  order  divided  by  the  sum 
of  the  intensities  in  all  the  measurable  orders)  in  the  first  order  was  measured  to  be  90  % 
for  the  original  blazed  grating  and  94  %  for  the  replicated  ones.  The  diffraction 
efficiencies  differ  between  the  original  and  replicated  gratings  which  is  to  be  expected 
due  to  the  difference  in  indices  of  refraction  of  electron-resist  (n=1.54)  and  polycarbonate 
(n=1.58).  Assuming  a  perfect  blazed  structure  and  with  the  use  of  scalar  diffraction 
theory,  the  diffraction  efficiency  of  the  original  grating  would  predict  a  diffraction 
efficiency  of  the  replicated  grating  of  96.5  'Vo.  That  the  actual  value  is  lower  indicates  that 
the  manufactured  grating  deviates  slightly  from  the  ideal  blazed  shape.  In  Figure  1  AFM 
measurements  of  both  original  and  replicated  gratings  are  shown. 


Fig.  1  (a)  AFM  measurement  of  linear  blazed  grating  fabricated  by  e-beam  lithograhy. 
Grating  period:  20  pm.  Measured  relief  height:  966  nm. 


Fig.  1  (b)  AFM  measurement  of  grating  replicated  by  injection  molding.  Measured  relief 
height;  968  nm. 

Although  it  is  very  difficult  to  measure  exactly  the  same  area  on  original  and  replicated 
gratings,  the  scans  show  very  nearly  identical  profiles.  Therefore  we  conclude  that,  for  the 
dimensions  used,  the  molded  replicas  have  little  degradation  by  shrinkage.  The 
replicated  fan-out  element  was  measured  to  have  a  diffraction  efficiency  of  83  %  and 
uniformity  error  of  16  %.  These  values  are  actually  very  close  to  the  ones  we  could  predict 
by  taking  into  account  the  deviation  between  actual  and  optimal  relief  height  for  the  laser 
wavelength  used.  However,  this  test  did  not  aim  to  optimize  the  optical  performance  of 
the  replicated  DOEs,  but  rather  investigate  the  fidelity  of  the  replication  process.  We 
intend  to  further  discuss  injection  molding  for  high  aspect  ratio  DOEs.  We  will  also 
demonstrate  commercial  CDs  with  different  diffractive  structures. 
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1.  Introduction 

Diffractive  optical  elements  can  provide  a  significant  advantage  in  the  design  of  many 
optical  systems  that  require  aspheric  or  chromatic  correction.  For  high-numerical  aperture 
systems  that  have  tight  size  and  weight  constraints,  a  diffractive  element  can  often  provide  the 
necessary  leverage  to  obtain  a  suitable  optical  design.  For  extremely  narrow  wavelength 
applications,  a  diffractive  singlet  can  be  used  to  produce  the  desired  aspheric  wavefront; 
however,  for  large  wavelength  range  applications  the  diffractive  asphericity  must  be  tempered  to 
reduce  spherochromatism.  The  unique  dispersion  characteristics  of  diffractive  surfaces  provide 
the  ability  to  correct  primary  or  secondary  chromatic  aberrations.  [1,2]  Recent  literature  has 
shown  that  there  are  numerous  potential  optical  designs  that  could  benefit  from  the  application  of 
diffractive  optical  elements.[3]  The  main  impediments  that  inhibit  system  engineers  from 
manufacturing  more  optical  designs  containing  diffractive  elements  is  uncertainty  about 
predicted  performance  and  cost.  We  have  developed  manufacturing  techniques  that  utilize  the 
accurate  machining  potential  of  single-point  diamond  turning  (SPDT)  to  generate  robust  metal 
master  surfaces  suitable  for  replication.  By  utilizing  several  replication  techniques,  a  variety  of 
different  optical  component  configurations  can  be  efficiently  manufactured  to  provide 
exceptional  wavefront  performance  and  high  diffraction  efficiency. 

In  the  presented  paper,  important  aspects  of  SPDT  high-efficiency  diffractive  surfaces  are 
outlined.  A  brief  description  of  replication  techniques  and  special  tooling  and  fixturing 
requirements  needed  to  replicate  hybrid  components  is  also  addressed.  Diffraction  efficiency 
measurement  results  are  presented  for  several  replicated  diffractive  surfaces  with  wavelength  to 
minimum  zone  width  ratios  approaching  0.25,  (i.e.,  a  F/2  diffractive  lens).  Broad  guidelines  are 
presented  for  expected  diffraction  efficiency  values  as  a  function  of  minimum  zone  width. 

2.  Single-Point  Diamond  Turning  and  Replication  Techniques 

Diffractive  optical  elements  are  typically  manufactured  using  microlithographic 
techniques,  which  produce  binary  optics,  or  single-point  writing  techniques  such  as  laser  pattern 
generation  and  SPDT,  which  produce  continuous  blaze  structures  or  kinoforms.[4]  Each 
fabrication  technique  has  its  niche  applications  depending  on  the  particular  component 
requirements.  SPDT  provides  an  exceptional  method  for  generating  rotationally  symmetric 
metal  diffractive  surfaces  for  use  in  replication  processes.[5]  In  addition,  SPDT  techniques  are 
widely  used  to  manufacture  diffractive  surfaces  for  infrared  applications.[6] 

2.1  Single-Point  Diamond  Turning  Diffractive  Surfaces 

SPDT  is  a  mature  technology  that  utilizes  fluid  bearings  and  slides  to  obtain  the  rigid 
motion  control  necessary  to  achieve  nanometer  precision  during  machining  processes.  A  gem- 
quality  diamond  tool  provides  the  extremely  sharp  and  smooth  cutting  surface  necessary  to 
produce  optical-quality  surfaces.  A  typical  diamond  tool  has  a  cutting  point,  which  has  a  nose 
radius  to  provide  minimal  machining  crossfeed  artifacts.  The  tool  radius  is  usually  selected  to  be 
as  large  as  the  fabricated  surface  slope  will  allow. 
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For  diffractive  surfaces,  which  are  discontinuous,  the  normal  tool  design  often  must  be 
drastically  modified  to  provide  high  diffraction  efficiency.  The  maximum  diamond  tool  radius  is 
dictated  by  the  minimum  zone  width  and/or  the  maximum  sum  of  the  local  blaze  angle  and  local 
surface  slope.  One  of  the  most  sensitive  fabrication  errors  for  diffractive  surfaces  is  the  side  wall 
of  the  zone  transition  step  height.  If  the  tool  radius  can  be  selected  to  be  small,  the  effects  of  the 
side  wall  can  be  minimized.  However,  a  typically  more  effective  approach  is  to  have  the 
diamond  tool  sculpted  so  that  a  vertical  side  wall  can  be  generated.  Since  a  diamond  turned 
surface  is  essentially  a  replica  of  the  cutting  tool  profile,  the  bottom  of  the  zone  transitions 
usually  have  a  radius.  The  cutting  tool  nose  radius  provides  the  ability  to  achieve  smooth  zone 
profiles,  which  are  important  in  reducing  spurious  scattered  light.  A  typical  SPDT  diffractive 
surface  has  zone  profile  surface  roughness  of  40-50  A  rms.  The  ability  to  form  smooth 
continuous  blaze  profiles  and  extremely  steep  zone  transitions  provides  a  distinct  advantage  for 
SPDT  rotationally  symmetric  diffractive  surfaces. 

2.2  Replication  of  Diffractive  Elements 

Replication  provides  the  ability  to  economically  produce  multiple  diffractive  elements 
with  minimal  tooling  costs.  The  most  critical  step  in  the  replication  process  is  to  start  with  a  high 
fidelity  master  surface.  As  discussed  above,  an  excellent  technique  for  generating  diffractive 
master  surfaces  is  SPDT.  Diamond  turning  provides  the  ability  to  produce  a  robust  metal  surface 
that  can  withstand  multiple  replication  cycles.  A  metal  that  provides  excellent  surface  finish  and 
durability  is  electro-less  nickel,  which  is  typically  plated  onto  a  stainless  steel  plug.  The  plug 
can  be  precisely  fabricated  to  provide  important  fixturing  and  jigging  references. 

We  have  developed  several  replication  techniques  that  are  selected  according  to  the 
particular  project  constraints;  predicted  volumes,  cost  sensitivity,  and  opto-mechanical 
tolerances.  The  replication  methods  are  variations  of  typical  grating  replication  techniques.  The 
first  step  generates  a  sub-master,  which  has  the  opposite  profile  of  the  master  surface. 
Subsequent  fabrication  steps  generate  more  sub-masters  whose  surface  profiles  alternate  between 
being  identical  and  opposite  of  the  master  surface.  Although  some  diffraction  efficiency  loss 
occurs  with  each  replication  step,  the  total  loss  is  typically  less  than  a  few  percent  over  ten  to 
twenty  replication  cycles.  The  life  of  a  sub-master  is  usually  limited  by  cosmetic  defects  that 
progressively  occur  during  separation  of  the  replicas.  The  replicated  layer  is  usually  thermal  or 
UV  cured  epoxy. 

In  addition  to  being  able  to  replicate  high-fidelity  zones,  one  must  also  be  able  to 
correctly  align  the  diffractive  surface  to  the  substrate.  This  alignment  capability  is  typically  most 
important  when  replicating  hybrid  elements  in  which  at  least  one  surface  is  curved.  A  tolerance 
budget  must  be  established  that  divides  potential  fabrication  errors  between  the  substrate  and  the 
replication  process.  The  most  common  errors  involve  the  ability  to  precisely  align  the  substrate's 
and  diffractive  surface's  opto-mechanical  axes.  Common  potential  error  sources  include 
substrate  centration,  diffractive  pattern  centration,  and  wedge  in  the  epoxy  layer.  Other  potential 
error  sources  that  are  typically  less  critical  include  transmitted  wavefront  specifications  (i.e.,  test 
plate  fit  requirements)  and  epoxy  layer  thickness  control.  Common  ranges  of  tolerances  for  the 
replication  process  are  30"  to  5'  of  wedge  in  the  epoxy  and  5  to  100  jxm  of  pattern  centration 
error.  Several  diffractive  elements  have  been  replicated  that  provide  wavefront  errors  of  a 
quarter  to  tenth  wave  at  a  wavelength  of  0.6328  |im.  In  addition,  many  diffractive  elements 
implemented  in  refractive  lens  systems  have  helped  achieve  diffraction-limited  performance. 
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3.  Results  and  Conclusions 

The  following  section  provides  diffraction  efficiency  measurement  results  for  several 
replicated  diffractive  elements.  The  efficiency  measurements  are  all  taken  at  the  minimum  zone 
width  for  the  particular  optic  and  represent  the  local  diffraction  efficiency.  The  integrated 
diffraction  efficiency  will  be  higher  and  is  dependent  upon  the  diameter  of  the  optic  and  the 
illumination. 

3.1  Diffraction  Efficiency  Measurements 

A  diffractive  optical  element  can  be  treated  as  a  linear  blazed  diffraction  grating  to  model 
the  predicted  local  diffraction  efficiency  as  a  function  of  zone  width,  A.  Measured  local 
diffraction  efficiency  results  for  several  replicated  lenses  are  shown  in  Fig.  1.  The  solid  line 
shows  the  theoretical  diffraction  efficiency  of  zones  as  a  function  of  the  illumination  wavelength 
X  divided  by  their  width  A.  The  reduction  in  efficiency  for  larger  values  of  X/A  compared  to  the 
scalar  theory  predicted  value  of  100%  is  an  effect  that  can  be  explained  by  rigorous  vector 
analysis.  [7]  However,  simple  geometrical  optical  models  can  give  an  idea  of  the  causes  for  this 
efficiency  reduction  and  lead  to  quite  accurate  estimations.  Scalar  design  methods  treat  the 
diffractive  structure  as  an  infinitely  thin  layer,  an  assumption  that  is  no  longer  valid  for  small 
zone  sizes.  A  ray  tracing  algorithm,  also  referred  to  as  "extended  scalar  theory",  uses  a 
combination  of  geometrical  optics  in  the  grating  region  and  scalar  diffraction  in  the  image 
space.  [8]  The  loss  in  efficiency  can  be  explained  as  a  "shadowing  effect"  resulting  from  the 
finite  height  of  the  zone  profile.  Recent  work  has  shown  that  for  continuous-blaze  structures,  the 
predicted  loss  in  efficiency  is  estimated  by  calculating  the  "shadowing  effect"  of  the  particular 
grating.  [9]  This  result  is  significant  because  binary  diffractive  structures  suffer  a  loss  in 
efficiency  proportional  to  the  square  of  the  "shadowing  effect". 

The  measured  efficiency  results  are  not  compensated  for  fabrication  errors.  In  addition, 
all  efficiencies  have  been  measured  at  visible  wavelengths.  The  degradation  increases  with  the 
wavelength  to  period  ratio  because  the  relative  fabrication  errors  become  progressively  larger  for 
smaller  zone  periods.  The  last  data  point,  64%  efficiency,  results  from  a  diffractive  surface  that 
was  not  properly  compensated  for  optimum  grating  height  at  small  zone  periods.  The  actual 
measured  and  predicted  efficiencies  are  within  =5%.  Figure  1  can  be  used  to  generate  a  general 
guideline  for  expected  local  efficiency  as  a  function  of  zone  width:  95-98%  for  a  >  25  p.m  and 
85-95%  for  25  |xm  <  A  <  5  p.m.  Integrated  efficiency  will  be  higher,  although  it  is  strongly 
dependent  on  the  illumination. 

4.  Conclusions 

By  combining  SPDT  techniques  to  fabricate  high-fidelity  master  surfaces  and  precision 
replication  techniques,  diffractive  elements  of  exceptional  performance  have  been  manufactured. 
A  general  guideline  for  expected  local  diffraction  effciency  as  a  function  of  zone  width  has  been 
presented.  Future  work  as  well  as  that  outlined  above  will  be  presented  during  the  presentation. 
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Fig.  1.  A  graph  of  measured  local  diffraction  efficiency  values  and 
predicted  theoretical  performance  versus  wavelength  to  zone 
width  ratio. 
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1.  Introduction 

In  the  last  years  the  interest  in  low-cost  production  techniques  for  integrated  optics  and  dif¬ 
fractive  optical  elements  (DOEs)  has  rapidly  grown.  Different  methods  like  embossing, 
moulding  and  casting  were  reported  [1,2,3,4].  This  technologies  are  well  established  for  the 
production  of  submicron  grating  structures,  like  moulded  CDs  and  hot  embossed  holograms. 
However,  all  this  methods  are  not  suitable  for  materials  like  glasses  (e.g.  silica)  or 
semiconductors  (e.g.  InP,  GaAs).  In  order  to  overcome  this  problem,  grayscale  and  halftone 
masks  with  different  gray  levels  were  proposed,  were  a  serie  of  gray  levels  corresponds,  after  a 
optical  lithography  process,  to  different  resist  depths  [5,6].  These  structures  were  finally 
transferred  by  dry  etching  processes  to  the  substrate  material.  In  this  paper  we  present  a  new 
3D-structure  replication  technique  for  this  wide  range  of  optical  and  semiconductor  materials 
and  for  high  structure  depths.  Deep  microrelief  structures  up  to  10 //m  or  more  and  structures 
with  very  high  lateral  resolution  (<  200  nm)  can  be  replicated.  Due  to  the  3D-amplitude/phase 
mask  it  is  possible  to  suppress  edge  ringing  by  means  of  modulating  the  amplitude  and  the 
phase  of  the  light.  The  fabrication  process  of  the  mask  is  based  on  repeated  multi-steps  of 
photolithographic  and  ion-beam-sputter-deposition  techniques.  An  in  situ  monitoring  system  is 
used  to  control  the  optical  thickness  and  the  transmission  of  the  mask  structures. 

2. 3D-repIication  process 

The  replication  process  is  based  on  a 
single  optical  lithography  step  with  a  3D- 
amplitude/phase  mask  and  subsequent  dry 
etching  process  (Fig.l).  The  mask 
consists  of  transparent  and  absorptive 
3D-structured  multilayers  (Ti02  or 
SixOy).  The  absorption  is  controlled  by 
changing  the  thickness  and  the  02- 
concentration  during  the  ion-beam- 
sputter-deposition  process.  More  flexible 
parameters  can  be  obtained  by  using  dif¬ 
ferent  exposure  wavelengths  during  the 
lithography  process.  The  complete  DOE- 
fabrication  procedure  consists  of  different 
stages.  First,  the  3D-amplitude/phase 
mask  is  designed  and  fabricated.  The 
calculation  of  the  mask  data  is  based  on 
the  scalar  diffraction  theory,  on  the  theory 
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Fig.  1  Replication  procedure 
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of  the  characteristic  matrices  [7],  optical  measurements  of  the  thin  film  layers,  the  contrast 
curves  of  the  resist  and  the  knowledge  of  the  selectivity  between  the  thin  film  material  and 
substrate  during  the  dry  etching  process.  Second,  the  image  of  the  3D-amplitude/phase  mask  is 
transferred  by  optical  lithography  into  the  resist  and  the  resist  is  developed.  Finally,  the  resist 
patterns  are  transferred  by  dry  etching  techniques  into  the  substrate  and  the  resist  is  removed. 


2.1.  Fabrication  of  the  3D-ampIitude/phase  mask 


The  mask  can  be  generated  by  different  microstructuring  techniques  like  e-beam  writing,  laser 
beam  or  ion-beam  lithography  or  the  well  known  binary  fabrication  techniques.  For  simple 
processing,  we  fabricated  the  masks  by  photolithographic  processing  techniques  and  thin-film 
deposition.  The  masks  were  fabricated  with  the  aid  of  computer  generated  masks  (written  by 
electron  beam)  and  with  photolithographic  and  ion-beam-sputter-deposition  (IBSD)  techniques 
[8,9].  The  optical  thickness  was  controlled  by  an  in  situ  Reflection-Wideband-Monitoring- 
System  (RWMS)  with  high  accuracy  (<0.1%),  Different  mask-substrate  materials  (  e.g.  quartz- 
glass,  BK7  glass)  were  tested,  but  due  to  the  high  transmission  in  the  UV-region,  we  used 
finally  quartz-glass  for  our  experiments.  Different  stages  for  recording  a  multi-level 
amplitude/phase  mask  were  necessary.  First,  the  substrate  was  cleaned,  coated  with  resist  (AZ 
5214/5218)  and  prebaked.  Second,  the  pattern  from  an  e-beam  written  mask  was  transferred 
into  the  resist  (image  reversal)  by  optical  contact  lithography.  This  involves  exposure  and 
reversal  baking  (120°).  The  alignment  and  exposure  was  carried  out  on  a  mask  aligner  (Suss 
MA  lOOM)  at  the  wavelength  of  313  nm.  Third,  a  layer  of  Ti02  or  SixOy  was  sputtered  onto 
the  substrate  by  ion-beam-sputter-deposition  techniques  and  finally  the  photoresist  is  removed 
with  acetone  and  stripper.  For  the  fabrication  process  of  8-level  3D-amplitude/phase  masks,  the 
lithography-  and  coating  process  was  repeated  two  times  with  two  additional  masks.  To  ensure 
proper  overlay  between  the  various  masks,  we  used  diffiactive  alignment  marks  and 
conventional  alignment  marks  as  common  in  microelectronics  technology.  Fig.2a  shows  the 
transmittance  of  the  mask  material  SixOy  in  dependence  of  the  thickness  and  the  wavelength. 
The  transmittance  curve  can  be  separated  into  two  different  regions.  In  the  absorption 
region  (Xa  <  Xs  ),  where  the  mask  acts  as  a  amplitude  mask  and  in  the  transmission  region 
(X.t  >  "ks  ),  where  the  mask  acts  as  a  phase  mask.  Both  wavelength  regions  can  be  utilized 
during  the  same  exposure  process,  by  using  two  or  more  different  exposure  wavelengths. 


Fig.2a  Transmittance  of  SixOy-layers 


Fig.  2b  3D-amplitude/phase  mask 
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The  exposure  times  must  be  adjust  independently  for  both  wavelengths.  Fig.  2b  shows  a 
photograph  from  the  central  region  of  a  fabricated  3D-amplitude/phase  mask.  Due  to  the  strong 
absorption  in  the  visible  wavelength  region,  each  phase  step  is  colour  encoded. 

2.2  Fabrication  of  DOEs 

In  order  to  elucidate  the  photolithography  process,  we  varied  the  most  important  parameters 
like  exposure  dose  and  development  time.  Figure  3a  shows  standard  contrast  curves  of  the 
resist  AZ  5214  for  different  development  times.  The  obtained  resist  patterns  after  the  exposure 
and  development  process  is  shown  in  figure  3b.  The  eight  individual  levels  can  be  seen  clearly. 
It  should  be  noted,  that  alignment  and  linewidth  errors,  which  cause  significant  diffiaction 
efficiency  degradation,  could  not  be  observed.  The  replication  of  the  resist  mask  into  the 
substrate  material  is  realized  by  IBE  with  N2^-ions  (for  e.g.  InP-substrates)  and  Ar  -ions  (for 
e.g.  SiOj-substrates)  accelerated  to  an  energy  of  700  eV.  The  structure  depth  is  defined  by  the 
etch  selectivity  between  resist  and  substrate  material  and  can  be  monitored  by  in  situ  mass 
spectrometry.  The  measured  rms  roughness  of  the  replicated  structures  was  smaller  than  3  nm. 


Fig.3a  Contrast  curves  of  the  AZ5214  resist  Fig.  3b  Photograph  of  resist  patterns 

for  different  development  times 

3.  Experimental  results 

We  fabricated  different  DOEs  with  different  apertures  and  optical  functions  in  order  to  improve 
the  replication  process.  The  DOEs  have  different  zones,  where  the  phase  profile  in  each  zone  is 
approximated  by  discrete  multi-level  stepped  profiles  (2-8  levels).  The  design  of  the  DOEs  is 
based  on  the  scalar  diffiraction  theory  and  the  use  of  a  raytracing  program,  where  the  DOE 
phase  function  was  determined  by  a  simple  optimization  procedure.  The  smallest  lateral 
structure  dimensions  of  these  elements  are  about  0.4  fim.  Figure  4a  shows  a  photograph  of  an 
etched  DOE  and  figure  4b  the  measured  and  calculated  intensity  distribution  in  the  focal  plane. 
The  experimental  and  theoretical  results  are  in  good  agreement.  More  detailed  results  will  be 
presented  on  the  conference. 
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Fig.4a  Replicated  DOE 


Fig.  4b  Calculated  and  measured  intensity 
distribution  in  the  focal  plane  of  a 
FZL  at  0.63-/mi  wavelength. 


4.  Conclusions 


To  simplify  the  fabrication  process  of  DOEs,  we  proposed  a  new  replication  process  for  3D- 
structures.  First  experiments  with  3D-amplitude/phase  mask  demonstrate,  that  our  process  is 
suitable  for  different  optical  materials  and  critical  structure  dimensions.  This  process  enables  the 
mass-production  of  DOEs.  A  further  improvement  of  the  DOE-efficiency  and  the  structure 
resolution  should  be  possible  by  reducing  the  fabrication  errors  with  an  in  situ  control  of  the 
development  process,  in  order  to  come  closer  to  the  predicted  values. 
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Introduction 

The  diffractive  optics  community  has  embraced  the  lithographic  methods  used  in  the  electronics 
industry  \  Typically,  binary  transmission  masks  are  used  to  expose  resist  and  produce  stepped 
structures  which  approximate  the  ideal,  continuous  profiles.  Since  these  profiles  are 
approximations  of  the  ideal,  continuous  profiles,  the  diffraction  efficiency  is  less  than  100%:  in 
theory,  a  four-level  DOE  has  a  first-order  efficiency  of  81%;  an  8-level  DOE,  95%'.  Although 
the  efficiency  can  be  increased  by  increasing  the  number  of  levels  and  computer-based 
optimization,  the  process  is  limited  by  the  resolutions  of  the  binary  masks  and  of  the  mask 
registration  to  the  substrate. 

In  the  meantime,  with  the  advancement  of  suitable  technologies,  blazed  diffractive  optics  have 
received  renewed  interest.  More  precise  computer  modeling  of  these  elements  has  also  been 
discussed  in  the  literature^’  Blazed  diffractive  elements  have  smooth  facets  rather  than  the 
stepped  facets  of  lithographic  DOEs.  (In  this  paper,  we  do  not  limit  the  discussion  to  kinoform 
lenses.)  In  theory,  blazed  elements  with  curved  facets  can  be  1 00%  efficient.  In  addition,  the 
freedom  from  binary  masks  in  the  structure  generation  process  offers  other  advantages.  Single¬ 
point  diamond  turning,  wedge-tool  diamond  turning,  and  laser-written  photolithography  are  just 
three  of  several  methods  currently  used  to  generate  blazed  diffractive  elements. 

Methods 

Single-point  diamond  turning  has  long  been  used  to  generate  refractive  optical  surfaces  such  as 
aspheres  and  flats  that  are  difficult  to  make  via  conventional  grinding  and  polishing  methods. 

This  method  has  also  been  used  for  diffractive  elements"'.  Because  of  the  residual  scalloping  of 
the  surface  (see  Fig.  1),  light  scatter  has  been  a  limitation  in  their  use  at  visible  wavelengths. 
Single-point  diamond  turning  has  recently  been  brought  from  the  infrared  into  the  visible  range 
with  the  exploitation  of  sol-  gel  shrinkage,  which  reduces  the  effect  of  the  scalloping  . 

Wedge-tool  diamond  turning  overcomes  the  scalloping  problem  by  cutting  with  the  edge  of  the 
diamond  tool,  as  shown  in  Fig.  1,  rather  than  with  its  tip.  Although  these  diamond  tools  are  more 
subject  to  wear  than  radius  tools^,  the  blazed  surfaces  they  cut  can  be  as  smooth  as  the  diamond 
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edge,  within  materials  limitations.  Although  it  is  convenient  to  use  opposite  sides  of  the  tool  for 
opposite  sides  of  the  groove,  this  is  not  necessary;  a  diamond  with  a  smaller  included  angle  can  be 
use  to  cut  opposite  groove  faces,  and  the  problem  becomes  one  of  precision  engineering. 

Laser  writing  in  linear  photoresist  is  used  to  generate  arbitrary  phase  profiles,  including  blazed 
7  8 

elements  ’  .  By  varying  the  laser  intensity,  one  controls  the  exposure  of  the  photoresist  and 
thus  the  profile  of  the  element.  The  continuous  range  of  intensities  eliminates  the  multilevel 
limitation  imposed  by  binary  mask  lithography.  Although  the  lateral  resolution  is  still  limited  by 
the  laser  spot  size,  the  non-xmiform  spot  profile  provides  a  smoothing  of  this  lateral  pixellization. 
Laser  writing  also  has  the  advantage  of  allowing  non-symmetric  profiles.  In  contrast,  diamond 
turning  is  limited  to  linear  and  circular  patterns. 

Advantages 


In  addition  to  increased  efficiency,  diffractive  elements  made  by  these  methods  have  other 
advantages  over  multilevel  elements.  Diamond  turning,  for  example,  is  not  limited  to  flat  base 
curves.  Hybrid  diffractive/refractive  lenses  are  easily  generated  in  a  single  mastering  step.  An 
example  of  a  hybrid  lens  with  a  blazed  diffractive  element  is  the  multifocal  ophthalmic  lens^. 
This  lens,  either  as  a  contact  lens  or  an  intraocular  lens,  has  a  diffractive  element  with  a  half¬ 
integer  wavelength  step  height,  which  distributes  the  light  nearly  equally  between  two  focal 
spots,  and  a  curved  base,  which  allows  chromatic  correction.  Another  advantage  of  the  blazed 
element  in  this  application  is  the  reduction  in  the  number  of  corners  and  edges  on  the  surface, 
which  could  accumulate  debris  or  cause  comeal  damage,  especially  as  a  contact  lens'^. 


Workpiece 
rotation  axis 
for  circular 
patterns 


Workpiece 
rotation  axis 
for  linear 
patterns 


Diamond 

Tool 


Figure  1 .  Cross-sectional  view  of  diamond  turning  configurations.  (Left)  In 
single-point  turning,  a  diamond  tool  with  a  radius  tip  is  translated  incrementally  to 
cut  the  desired  profile  as  the  workpiece  spins.  The  shape  of  the  tool  tip  can  be 
seen  in  the  turned  workpiece  as  surface  scalloping.  (Right)  In  wedge-tool  diamond 
turning,  the  workpiece  is  rotated  as  for  single-point  diamond  turning,  but  the 
translation  steps  of  the  tool  cover  the  full  groove,  and  the  edge  of  the  diamond  is 
used  to  cut  the  workpiece. 
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The  step  heights  of  a  multilevel  diffractive  element  are  chosen  to  suit  a  particular  design 
wavelength.  These  levels  are  usually  the  same  across  the  entire  element.  All  the  lenslets  in  an 
array  made  from  a  given  set  of  masks,  then,  would  need  to  operate  at  the  same  wavelength  for 
peak  performance.  With  blazed  optics,  elements  in  the  same  array  can  easily  have  different 
design  wavelengths.  This  can  be  advantageous  in  display  technology,  where  red,  green,  and  blue 
pixels  are  often  treated  separately  by  the  associated  optics. 

It  is  commonly  known  that,  in  a  conventional  diffractive  lens,  the  zone  spacing  decreases  as  the 

radial  position  increases.  For  low  F/#  lenses,  these  outer  zones  can  be  difficult  to  generate  due  to 

the  high  resolution  that  is  needed.  Once  the  multi-level  restriction  is  eased,  however,  the  outer 

zone  width  can  be  increased  by  proportionately  increasing  the  groove  depth,  as  shown  in  Fig.  2. 

Such  elements  have  been  called  superzones  ,  higher-order  kinoforms  ,  and  phase-matched 
13 

Fresnels  by  separate  authors. 

Conclusion 

Blazed  diffractive  elements  can  now  be  produced  by  several  different  methods.  These  methods 
have  some  advantages  over  multistep  diffractive  elements,  including  increased  DOE  efficiency, 
non-zero  base  curvature,  multiple-wavelength  array  capability,  and  small  F/#  compatibility. 


Figure  2.  Segment  of  a  superzone  diffractive  lens.  The  typical  diffractive  lens  has 
zones  of  constant  depth  and  decreasing  width  as  the  zone  radius  increases.  On  a 
superzone  lens,  the  groove  depth  is  an  integer  multiple  of  the  standard  depth  and 
the  grooves  are  wide  enough  to  be  generated  easily. 
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Multiple  Order  Delay  Holograms  for  Polarization  and  Color  Selectivity 
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Diffractive  optical  elements  constructed  as  phase  only  computer  generated  holograms 
(CGHs)  are  attractive  for  numerous  applications  in  photonics  and  optoelectronics.  A  conventional 
diffractive  optical  element  (DOE)  has  a  maximum  phase  delay  of  2k  between  pixels.  Therefore, 
the  required  etch  depth  is,  in  general,  shallow  (<  wavelength  X,  see  Fig.  la).  These  DOEs  are 
relatively  insensitive  to  the  polarization  and  wavelength  of  the  reconstruction  field  compared  to 
volume  gratings.  Previously  we  demonstrated  polarization  selective  diffractive  optical  elements 
using  two  birefringent  LiNbOs  substrates  with  different  diffractive  microstructures  on  the 
interior.!’  2  The  required  etch  depths  on  both  substrates  are  deeper  than  that  in  a  conventional  DOE 
because  the  substrates  birefringence  is  relatively  small  (see  Fig.  lb).  Another  approach  to  achieve 
the  same  functionality  is  based  on  deep  etch  structure  (see  Fig.  Ic)  that  corresponds  to  multiple 
periods  of  phase  delays  (also  called  modular  2m7t)  using  a  single  birefringent  substrate,  as  first 
proposed  in  reference  1  and  later  in  reference  3.  This  approach  may  reduce  the  cost  and  simplify 
the  fabrication  process  of  such  polarization  selective  diffractive  optical  elements.  In  the  following 
we  report  the  design,  fabrication  and  characterization  of  multiple  order  delay  (MOD)  holograms 
that  posses  dual  functionality  in  polarization  or  color. 

To  design  a  MOD  hologram  with  dual  impulse  responses  using  single  substrate,  we  use  the 
geometrical  optics  approximation  and  find  the  corresponding  phase  delays  caused  by  an  etched 
pixel  compared  to  that  of  an  unetched  pixel 

k^{n^-nii)d  =  2ln  +  ^l 
^2(^2  “  ~  2mK  +  3>2 

where  Oj+2/;r  and  ^^+2mK  are  the  phase  delays  exhibited  by  the  two  independent  optical 
reconstruction  fields,  d  is  etch  depth  of  the  pixel,  ki  and  k2  are  the  wavevectors  of  the  two 
reconstruction  fields,  nj  and  n2  are  the  refractive  indices  of  the  substrate  for  the  two  reconstruction 
fields,  nti  and  nt2  are  the  refractive  indices  of  the  material  surrounding  the  microstructure,  and  / 
and  m  are  integers  corresponding  to  the  multiple  periods  of  phase  delays  exhibited  by  the  two 
fields.  The  two  independent  reconstmction  fields  can  be  of  different  wavelengths  or  of  orthogonal 
linear  polarizations.  In  general,  Eqs.  (1)  does  not  have  a  unique  accurate  solution  for  d,  if  Oi  and 
^2  are  arbitrarily  specified  design  values,  unless  the  refractive  indexes  ni  and  n2  can  be  controlled 
in  every  pixel  of  the  diffractive  element  as  in  a  form  birefringent  artificial  dielectric  nanostructures^. 
However,  for  our  design  with  a  homogeneous  substrate  characterized  by  constant  values  of  ni  and 
n2,  there  exist  only  an  approximate  solutions  for  d  when  the  values  of  integers  /  and  m  are 
arbitrarily  large  such  that 

^1  (^1  ~  ~  (2) 

^2  («2  “  1)^  =  +  <[>2  +  ^2 

where  5i  and  82  are  small  numbers  representing  the  approximation  errors  and  air  is  used  for  the 
medium  surrounding  the  microstructure  thus  nt2=nti=l.  If  81  and  82  are  much  smaller  than  the 
value  of  the  phase  quantization  level,  this  is  a  valid  approximate  solution  to  Eqs.  (1).  With  this 
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approach,  it  is  possible  to  design  the  two  independent  phase  functions  within  some  specified 
accuracy  at  each  pixel.  Therefore,  independent  multilevel  phase  holograms  can  be  implemented  for 
the  two  orthogonal  polarizations  or  two  different  wavelengths.  Solving  Eq.(2)  we  find, 

^  _  (2/;r  +  Oi  +  _  (2yn;r  +  <l>2  +  ^2)'^! 

2nin2-l)  ^ 

We  used  the  above  algorithm  to  design  and  demonstrate  two  types  of  MOD  holograms  with 
dual  functionality.  The  first  one  is  a  polarization  selective  element  made  of  a  single  birefringent 
yttrium  orthovanadate  (YVO4)  substrate  and  the  second  one  is  a  wavelength  selective  element  made 
of  BK7.  YVO4  has  large  birefiingence  and  can  be  relatively  easy  to  process  using  microfabrication 
techniques.  We  used  x-cut  YVO4  crystals  grown  by  CASK,  Inc.  The  no=2.0241  and  ne=2.2600 
of  YVO4  were  determined  at  X=0.5145  |xm.  Using  Eqs.  (2)  and  (3)  with  these  values  of  refractive 
indices,  we  find  all  the  possible  combinations  of  d>i  and  <E>2  that  are  necessary  for  constmction  of  a 
binary  phase  single  substrate  birefringent  computer  generated  hologram  (SSBCGH)  (see  Table  1). 
In  Table  1,  d/  and  d;;,  are  the  calculated  exact  etch  depths  from  Eq.  1  that  are  required  to  obtain  <I>i 
and  $2  for  various  integers  /  and  m.  We  observe  from  Table  1  that  by  choosing  a  single  value  for 
each  etch  depth  will  introduce  approximation  errors  of  less  than  about  6%  for  all  cases.  This  error 
can  be  further  reduced  by  taking  the  value  d  as  the  weighted  average  of  di  and  d^  instead  of  one 
half  of  the  summation.  Other  optimizations  such  as  choosing  a  different  set  of  phase  quantization 
bases  may  also  reduce  the  approximation  errors.  Furthermore,  because  the  absolute  phase  in 
diffractive  optics  is  of  no  concern,  we  can  remove  an  etch  depth  bias  of  1.013  |j,m  (see  Table  1) 
without  affecting  the  desired  relative  phase  values  between  different  pixels.  Therefore,  only  two 
distinct  etches  are  needed  to  constmct  a  binary  phase  level  SSBCGH  (s  and  t  in  Table  1). 

For  experimental  demonstration  and  characterizations  of  such  a  SSBCGH,  we  constructed 
a  diffractive  polarization  beam  splitter  that  diffracts  one  polarization  while  transmitting  the  other. 
This  is  a  special  case  of  the  dual  functionality  element  that  requires  a  single  value  of  etch  depth. 
The  desired  diffractive  structure  was  defined  and  transferred  by  electron  beam  and  photo¬ 
lithographic  processes,  and  then  the  element  was  ion  beam  etched  to  1.032  |xm.  The  duty  ratio  of 
the  fabricated  SSBCGH  element  was  measured  to  be  1:1.  The  experimental  evaluation  of  the 
element  shows  70.8%  diffraction  efficiency  and  79.7:1  polarization  contrast  ratio  (PCR)  into  the 
zero  order,  37.4%  diffraction  efficiency  and  33:1  PCR  into  the  +lst  order  and,  38.9%  diffraction 
efficiency  and  32.5:1  PCR  into  the  -1st  order. 

To  better  understand  the  fabrication  accuracy  requirements  and  their  effect  on  the 
performance  of  the  fabricated  SSBCGH  elements  we  used  rigorous  coupled  wave  analysis 
(RCWA)5  to  simulate  the  performances  of  our  fabricated  element.  Fig.  2  shows  the  simulation 
results  for  diffraction  efficiencies  and  PCRs  as  functions  of  etch  depth  for  grating  with  1:1  duty 
ratio  and  vertical  side-walls.  From  the  simulation  results,  we  can  observe  that,  the  good 
performance  (>40%  diffraction  efficiency  and  over  100:1  PCR)  can  be  obtained,  which  is  close  to 
our  geometrical  optics  design.  The  experimental  performance  of  the  fabricated  element  is  very  close 
to  that  predicted  by  the  RCWA  (see  Fig.  2).  From  the  simulation,  we  can  also  see  that  the 
performance  of  a  SSBCGH  can  be  further  improved  with  more  accurate  etch  depth.  Also,  the 
RCWA  results  show  that  the  etch  depths  for  the  best  PCR  and  the  largest  diffraction  efficiency  are 
very  similar  but  not  identical.  This  important  result  implies  that  the  desired  etch  depth  can  be 
driven  by  the  application  needs  and  may  slightly  differ  from  the  values  provided  by  the  geometrical 
optics  approximate  design  listed  in  Table  1. 
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Using  the  same  approach,  we  also  demonstrated  a  wavelength  selective  element  for 
operation  as  a  color  selective  beamsplitter  for  wavelengths  of  1.30  |am  and  1.55  pm.  The  substrate 
material  is  BK7  glass.  The  indices  of  refraction  of  BK7  were  specified  by  the  supplier  (Newport 
Optical  Materials  Inc.)  to  be  1.5027  at  1.30  pm,  and  1.5004  at  1.55  pm.  Using  Eq.  1,  the  phase 
delay  for  a  7.75  pm  deep  etch  is  5.9947t  at  1.3  pm  and  5.0047t  at  1.55  pm.  This  set  of  values 
provides  the  necessary  phase  delay  for  a  simple  wavelength  beam  splitter  that  transmits  1 .3  pm 
light  field  and  deflects  1.55  pm  light  field.  The  element  was  etched  to  7.9  pm  using  chemically 
assisted  ion  beam  etching  method  with  CHF3  as  the  reactive  gas. 

Figure  3  shows  the  measured  diffraction  efficiency  and  the  location  of  each  of  the  first  four 
orders  for  the  fabricated  element.  A  perfectly  fabricated  binary  phase  hologram,  neglecting  Fresnel 
reflection  losses,  should  have  no  energy  in  the  even  orders,  40.5%  in  the  +/-  1st  orders,  and  4.5% 
in  the  +/-  3rd  orders.  At  1.55  pm,  the  diffraction  efficiencies  of  the  fabricated  element  matched 
these  numbers  closely,  with  39%  in  each  of  the  first  orders,  3.6%  in  each  of  the  +/-  3rd  orders, 
and  a  zero  order  transmission  of  0.83%.  At  1.3  pm,  the  transmission  was  83%,  while  the 
diffraction  into  any  of  the  orders  was  less  than  1.2%. 

A  MOD  hologram  is  more  sensitive  to  changes  in  the  illumination  angle  than  a  conventional 
DOE  because  of  the  increased  optical  path  differences.  We  tested  the  effect  of  tilting  the  element, 
and  found  that  the  performance  (first  order  diffraction  efficiency  at  1.55  pm  and  zero  order 
transmission  at  1.3  pm)  changed  by  less  than  2%  for  a  5°  tilt,  and  less  than  10%  for  a  10°  tilt.  In 
fact,  the  overall  performance  was  slightly  improved  with  a  5°  tilt,  suggesting  that  the  etch  depth 
should  be  increased  to  7.93  pm  to  optimize  performance.  A  field  angle  of  10°  indicates  that  these 
elements  are  compatible  with  F/3  and  larger  optics. 

In  conclusions,  we  have  demonstrated  multiple  order  delay  holograms  with  dual  impulse 
responses  in  polarization  or  color.  The  experimental  results  indicate  good  performances.  Such 
elements  may  be  useful  in  image  processing,  optoelectronic  packaging  and  photonic  switching. 
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Table  1  Design  results  and  the  real  etch  depth  required  for  a  binary  phase  single  substrate 
BCGH.  (*  When  4>o  and/or  <E)e  are  zero,  they  are  taken  to  be  27t  for  errors  evaluations.) 
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Figure  1.  (a)  conventional  DOE,  (b)  two-substrate  BCGH  and  (c)  multiple  order  delay  DOE. 
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Figure  2.  Simulated  (curves)  and  measured  (data  points)  performances  of  the  SSBCGH 
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Figure  3.  Intensity  at  diffraction  peaks  for  1.3  pm  (solid)  and  1.55  um  (shaded)  illumination 
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INTRODUCTION 

A  focusing  waveguide  grating  coupler  (FWGC)ti]  implements  simultaneously  two  optical 
functions.  One  is  to  couple  out  the  guided-wave  propagating  in  the  waveguide  structure;  the 
other  is  to  focus  the  outgoing  beam  into  a  small  spot.  Although  combining  two  optical  functions 
into  a  single  diffractive  optical  element  is  quite  attractive,  the  submicron  feature  sizes  necessary 
to  implement  high-numerical-aperture  focusing  elements  impose  a  significant  burden  on  the 
lithography.  Therefore,  focusing  waveguide  grating  couplers  with  high  numerical  aperture 
(NA>  0.25)  have  been  rarely  reportedt^^.  Furthermore,  fabrication  of  such  FWGCs  usually  relies 
upon  direct-write  electron  beam  lithography. 

Waveguide  grating  couplers  have  been  intensively  and  widely  investigatedl^'^l  Such  uni¬ 
form  gratings  can  be  defined  using  simple  two  beam  optical  interference  methods,  even  though 
the  grating  pitch  is  of  submicron  order.  On  the  other  hand,  Fresnel  lenses  have  been  successfully 
used  as  focusing  elements  and  the  fabrication  of  Fresnel  lenses  with  various  numerical  apertures 
can  be  made  by  conventional  photolithography.  In  principle,  a  focusing  grating  coupler  can  be 
realized  by  using  a  waveguide  grating  coupler  to  couple  out  the  guided-wave  into  the  superstrate 
(cladding),  and  then  a  Fresnel  lens  to  focus  the  outgoing  beam  into  a  spot  in  the  air.  It  is  import 
that  these  two  diffractive  elements  should  be  sufficiently  physically  separated  in  the  vertical 
direction  so  that  they  manipulate  the  guided-wave  and  outgoing  beam  independently.  The  result¬ 
ing  “diffractive  doublet”  is  therefore  optically  equivalent  to  the  single-element  FWGC  described 
previously.  However,  so  far  to  our  knowledge,  no  investigation  has  been  reported  on  this  com¬ 
posite  FWGC  when  considered  as  a  single  integrated  element.  In  this  paper,  the  design  procedure 
and  fabrication  technology  of  this  composite  FWGC  is  presented. 

FWGC  DESIGN 

As  described  above,  the  output  coupling  characteristics  of  the  composite  FWGC  are  deter¬ 
mined  by  the  waveguide  grating  coupler,  and  the  focusing  function  by  the  integrated  Fresnel  lens. 
Due  to  their  physical  separation,  the  designs  of  the  waveguide  grating  coupler  and  the  Fresnel  lens 
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can  be  discussed  independently.  The  device  structure  is  illustrated  in  Fig.  1 ,  which  is  based  on  the 
planar  silica  waveguide  structure  developed  under  the  “SOPHI”  project  funded  by  EPSRC  and 
the  Department  of  Trade  and  Industry  UK. 


comprising  of  a  uniform  grating  coupler  and  a  Fresnel  lens. 


Grating  coupler :  A  grating  coupler  with  rectangular  grooves  was  designed  based  on  the  silica 
waveguide  structure  comprising  of  arseno-silicate  glass  (ASG)  and  a  Si02  buffer  layer.  To  ob¬ 
tain  the  desirable  condition  that  only  a  single  radiation  beam  into  the  cladding  is  produced  by  the 
grating,  the  pitch  of  the  grating  coupler  must  satisfy 


X 

Ng  -H  rtc 


<  A  < 


2X 

Ng  + 


(1) 


where  nb  and  nc  are  the  index  of  buffer  layer  and  cladding  film,  respectively.  Ng  is  the  effective 
index  of  guided  mode  (TEq).  The  condition  A  ^  X/Ng  must  also  be  satisfied  in  order  to  eliminate 
Bragg  reflection.  In  our  design,  the  grating  pitch  is  chosen  to  be  O.SOpm  such  that  only  a  single 
diffraction  beam  radiates  into  the  cladding  at  an  angle  of  0a = -8.40°  in  the  air.  The  grating  etched 
depth  tg  is  determined  to  be  0.20p,m,  which  yields  a  radiation  decay  factor  of  a  =  0.39cm-*  and  a 
radiation  directionality  of  50%151. 

Usually,  the  thickness  of  the  buffer  layer  and  cladding  layer  are  determined  according  to  the 
requirements  of  the  waveguide  mode  profile.  Here,  the  thickness  should  also  be  determined  so 
that  the  Fresnel  lens  is  physically  separated  from  the  waveguide  grating  coupler.  Based  on  the 
electric  field  distribution  of  the  optical  waveguide  mode  structure,  a  cladding  film  thickness 
greater  than  4.0nm  is  sufficient  to  allow  independent  performance  of  these  two  diffractive  optical 
elements.  Furthermore,  this  separation  of  4.0pm  compared  with  the  aperture  size  of  the  Fresnel 
lens  (1.0  —  2.0mm),  allows  us  to  consider  that  these  two  elements  are  geometrically  coplanar. 

Fresnel  lens  :  As  a  diffractive  optical  element,  the  Fresnel  lens  consists  of  a  series  of  concen¬ 
tric  annuli  or  zones.  The  phase  difference  between  two  .successive  zones  is  rt.  The  different  dif- 
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fraction  orders  of  this  Fresnel  zone  plate  give  rise  to  a  series  of  both  positive  and  negative  focal 
length.  For  a  normally  incident  plane  wave,  the  radius  of  the  m-th  ring  is  simply  determined  by 

=  mXf  +  {mX/Tf-  (2) 

with  the  first-order  focal  length  f=r,2/X,  and  the  minimum  feature  size  (or  ring  width) 


<5  = 


0.5A 


(3) 


D/f  NA 

where  NA  =  0.5D/f.  It  is  noted  that  6  is  approximately  equal  to  the  diffraction-limited  focusing 
spot  size  (FWHM)  for  a  lens  with  numerical  aperture  NA.  From  (3)  it  is  seen  that  high  numerical 
aperture,  i.e.,  up  to  0.5,  can  be  achieved  by  using  conventional  photolithography  with  one  micron 
resolution.  The  Fresnel  lens  can  be  analytically  calculated  using  Eq.(2)  and  then  a  standard  pho¬ 
tolithographic  mask  can  be  used  to  fabricate  the  Fresnel  lens. 


FABRICATION 


The  fabrication  of  this  composite  FWGC,  consisting  of  a  grating  coupler  and  a  Fresnel  lens, 
are  addressed  independently  in  the  following. 

Fabrication  of  grating  coupler :  Shipley  S 1400-17  positive  photoresist  mixed  with  3-5%  (by 
weight)  imidazole!*  *1  jg  spin-coated  upon  the  waveguide  surface  at  4000rpm  for  30  seconds,  re¬ 
sulting  in  0.46pm  thick  resist  film,  and  then  soft-baked  for  5  minutes  at  90°C.  A  two  beam  inter¬ 
ference  method  is  used  to  expose  the  resist  mixture  to  produce  a  grating  with  pitch  of  0.80pm. 
Following  this  exposure,  a  grating  window  of  2.0  X  2.0mm^  is  defined  over  the  exposed  grating 
regions  using  a  mask  aligner  and  a  photolithographic  mask  with  the  required  window  pattern  and 
registration  features.  The  defined  resist  grating  pattern  is  then  baked  at  100-1 10°C  for  50  min¬ 
utes,  followed  by  a  further  UV  flood  exposure.  After  development,  a  resist  grating  with  a  slight 
undercut  resist  profile  is  obtained.  Finally,  the  hardened  resist  pattern  is  used  as  an  etching  mask, 
and  the  grating  pattern  is  transferred  into  the  guiding  layer  by  reactive  ion  etching  using  a  CF4 
plasma. 

Fabrication  of  Fresnel  lens  :  a  cladding  film  of  Si02  is  sputter-deposited  on  top  of  the  fabri¬ 
cated  waveguiding  grating  surface.  The  process  should  be  monitored  to  ensure  that  the  grating 
grooves  are  adequately  filled  by  the  cladding  film.  The  deposited  film  thickness  is  expected  to  be 
about  4.0pm.  The  Fresnel  lens  is  patterned  on  top  of  the  Si02  cladding  layer  by  conventional 
photolithography.  Once  again,  the  resist  pattern  is  used  as  an  etch  mask  and  reactive  ion  etching  is 
then  used  to  transfer  the  binary  Fresnel  lens  pattern  approximately  0.40pm  deep  into  the  Si02 
film  using  a  CHF3  plasma. 

FABRICATION  RESULTS 


The  focusing  performance  of  the  fabricated  composite  FWGC  is  evaluated  using  a  spot  size 
measurement,  in  which  the  focusing  spot  is  magnified  by  a  20  X  microscope  objective.  The  cor¬ 
responding  CCD  image  and  intensity  profiles  of  the  focused  spot  are  shown  in  Fig. 2  and  Fig. 3. 
The  measured  spot  size  (FWHM)  is  4.98pm,  while  the  theoretically  determined  diffraction-lim- 
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ited  spot  size  is  1 .72pm.  The  broadening  of  the  focusing  spot  size  may  arise  from  fabrication  and 
alignment  errors.  There  exists  astigmatism  in  the  focused  spot  due  to  the  cylindrical  wavefront 
propagation  in  the  planar  waveguide  and  the  oblique  incident  beam  on  the  Fresnel  lens  plane. 


Fig. 2:  The  CCD  image  of  the  focused  Fig. 3:  Normalized  intensity  distribution  of  focused  spot 

spot  produced  by  the  composite  focus-  produced  by  the  fabricated  FWGC.  The  focused  spot  size 
ing  waveguide  grating  coupler.  (FWHM)  is  determined  to  be  4.98pm.  The  broken  curve 

corresponds  to  the  theoretical  diffraction-limited  intensity. 

CONCLUSIONS 


A  novel  focusing  waveguide  grating  coupler  consisting  of  a  grating  coupler  and  a  Fresnel  lens 
has  been  successfully  fabricated.  Although  diffraction-limited  focusing  performance  has  not 
been  achieved  in  this  device,  it  is  significant  to  note  that  the  fabrication  procedure  offers  consider¬ 
able  advantages  when  compared  with  conventional  FWGC  fabrication  using  direct-write  elec¬ 
tron  beam  lithography.  Fabrication  of  this  device  is  compatible  with  microlithography 
technology  and  therefore  fabrication  cost  can  be  reduced.  High  numerical  aperture  is  achievable 
with  a  compact  planar  structure.  A  near  vertical  output  focusing  beam  can  be  obtained  when  the 
pitch  of  the  grating  coupler  satisfies  A<^}JNq.  In  addition,  higher  diffraction  efficiency  could  be 
possible  by  using  high  efficiency  grating  couplers  and  a  four-level  binary  phase  Fresnel  lens.  It  is 
expected  that  this  novel  device  will  find  potential  applications  in  integrated  optoelectronic  sys¬ 
tems. 
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I.  Introduction 

Planar  optics  has  been  successfully  demonstrated  to  be  useful  for  the  integration  of  free 
space  optical  systems'.  In  this  context,  planar  integration  means  the  arrangement  of  optical 
elements  on  the  surface  of  a  thick  transparent  substrate.  The  light  signal  travels  within  the 
substrate  along  a  folded  zig-zag  path,  reflected  at  its  surfaces.  Since  planar  optics  was  first 
proposed,  various  applications  has  been  demonstrated  like  array  generation^  or  imaging^ . 

One  inherent  property  of  planar  optical  systems  is  the  off  axis  light  propagation  with 
respect  to  planes  in  which  optical  elements  are  located.  On  the  one  hand,  off-axis 
propagation  is  a  constraint  of  planar  optics  in  order  to  separate  input  and  output  signals 
spatially,  which  are  both  located  in  the  same  plane.  On  the  other  hand,  for  separating  input 
and  output  the  angle  of  light  propagation  can  be  chosen  arbitrarily  within  a  wide  range. 
Therefore,  it  can  be  treated  as  a  design  parameter  which  has  to  be  determined  from  further 
constraints.  In  this  paper  we  consider  the  design  of  planar  optical  imaging  systems.  We  ask 
the  question  in  which  way  imaging  properties  depend  on  the  choice  of  the  deflection  angle. 

II.  First  order  optical  systems 

We  start  our  considerations  with  the  system  presented  in  Fig.  1  and  2.  The  whole  system 
consists  of  three  parts:  free  space,  lens  and  free  space. 


Fig.  1 :  Planar  optical  imaging  system. 


Fig.  2:  Unfolded  off-axis  system. 
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Light  propagation  can  be  described  as  a  convolution  of  the  initial  wave  front  Ui(^,Ti)  with  the 
point  spread  function  of  free  space,  h(x,y,z).  Small  diffraction  angles  and  large  propagation 
distances  are  assumed  for  first  order  optics'^.  For  off-axis  light  propagation,  h(x,y,z)  becomes 


h(x,y,z) 


COS 


(a) 


iXz 


•exd 


ik- 


cosl 


H 


+ 


iksin^a); 


exp  ■^(cos^(a)x^  -f-cos(a)y^) 


(1) 


where  a  is  the  propagation  angle  due  to  the  normal  of  the  optical  elements.  The  substitution 
X  =  ^-z  tan(a)  compensates  the  overall  lateral  shift  due  to  off-axis  propagation.  From  Eq. 
(1)  the  transmission  function  L(x,y)  of  an  ideal  parabolic  lens  can  be  determined  as^ 


exp  -^(cos^(a)x^  -i-cos(a)y^) 


(2) 


Within  the  parabolic  approximation  L(x,y),  in  Eq.  (2),  can  be  regarded  a  perfect  lens  for 
collimating  and  imaging,  analogous  to  the  on-axis  case'*,  obtained  for  a=0. 


III.  Space-Bandwidth  Product 

For  systems  without  aberrations,  the  angle  a  determines  the  space-bandwidth  product  of  the 
system,  i.e.  the  number  of  pixels  Np  in  the  input  that  can  be  handled.  Np  can  be  determined  as 
the  ratio  of  the  input  area  DjXDj  (Fig.  2)  and  the  area  of  the  point  spread  function  dpsp  of  the 
imaging  system.  From  Eqs.  (1)  and  (2)  we  can  estimate  dpsp  in  x  and  y  direction 


*^PSF  ~*^PSF,x  ^^PSF,y 


where  d 


2Xf 


PSF,x 


Dl  cos^(a) 


andd 


2Xf 


PSF  ,y 


Dl  cos(a) 


(3) 


Although  we  assume  a  quadratic  lens  aperture  of  width  Dp,  the  resolution  cell  is  rectangular. 
If  Zp)  is  the  thickness  of  the  glass  substrate,  a  maximum  Np  can  be  obtained  for  the  case 
DL=Dj=2zDtan(a)  which  yields  to 


Np  = 


(4) 


That  means,  a  large  space-bandwidth  product  can  be  achived  with  large  angles  a  and  thick 
substrates  according  to  the  parabolic  approximation.  Interestingly,  for  the  one-dimensional 
case,  where  only  the  number  of  lines  in  x  direction  is  considered,  one  finds 


Np,x  =  2^sin^(a)cos(a) 
which  shows  a  maximum  value  for  a  =  arcsin|V2/3  j  ~  55". 


(5) 
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IV.  Higher  flexibility  from  additional  elements 


In  order  to  provide  additional  freedom  for  the  design  of  an  imaging  system  we  introduce  three 
additional  deflection  elements  (prism  or  diffraction  grating)  to  allow  individual  propagation 
angles  0t|-0C4  for  every  piece  of  free  space^  (Fig-  3).  This  additional  freedom  can  he  used  e.g. 
to  image  with  arbitrary  magnification.  We  assume  (Xi=ct2;^(X3=(X4,  which  means  ordinary 
reflection  at  element  Pi  and  element  P3.  With  P2(x,y)  =  exp[27tixsin(a3  -  ai)/A,]  the  ideal 

lens  becomes,  according  to  Eq.  (2): 


L(x,y)  =  exp -^((cos^(a,)  +  cos'(a3))x^+(cos(a,)  +  cos(a3))y^) 


For  the  magnification  Mx  and  My  in  x  and  y  direction,  respectively,  we  obtain 


(6) 


cos 


Mx  = 


‘(a,) 


COS 


cos 


‘(«l) 


and  M  „  = 


(“>) 


cosi 


(a,) 


(7) 


We  can  achieve  equal  magnification  Mx=My  in  both  lateral  coordinates  by  placing  elements 
Pi  and  P3  (Fig.  3  and  4)  at  the  bottom  side  of  the  substrate  with 


P,(x,y)  =  exp|  iYsin(a,)(-x  +  y) 


and  P3(x,y)  =  exp|  i^sin(a3)(x-y) 


(8) 


These  gratings  rotate  the  propagation  direction  from  the  x-z  plane  to  the  y-z  plane  and  vice 
versa  at  half  the  propagation  distance  before  and  behind  the  lens,  respectively.  This 
guarantees  a  symmetrical  setup  with  respect  to  both  lateral  coordinates  including  equal 
magnification. 


reflecting  lens  L 


leflecting  prisms 


Fig.  3:  Planar  optical  system  including 
additional  deflection  prisms. 


/ 

substrate 

Fig.  4:  Top  view  of  planar  imaging 

system,  symmetric  in  x  and  y. 


The  additional  prisms  give  access  to  arbitrary  propagation  angles.  Besides  matching  of 
magnification  factors,  this  method  can  be  used  whenever  asymmetries  due  to  off-axis  free 
space  propagation  have  to  be  compensated,  e.g.  to  obtain  a  quadratic  area  for  the  point 
spread  function  in  Eq.  (3). 
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V.  Wave  aberrations 


Now  we  consider  wave  aberrations  describing  imaging  properties  beyond  first  order  optics. 
Again  we  consider  the  planar  optical  system  in  Fig.  1  and  2.  We  assume  perfect  imaging  for 
C=Ti=C‘=Ti‘=0.  For  all  other  object  points  r\  we  find  wave  aberrations  at  the  plane  of  the 
lens.  To  demonstrate  the  aberration’s  influence,  we  restrict  our  discussion  to  astigmatism 
and  defocusing  in  one  dimension,  i.e.  C=y=0-  From  a  Taylor  expansion  of  the  point  spread 
function  of  free  space  we  calculate  the  phase  of  the  aberrations  (27t/A.)  Wab(x): 

Wab(x)  =  -^^^cos'*(a)sin(a)  -  ^  cos^(a)[^cos^(a)- 4sin^(a)j  (9) 

Zr»  2  Zr\ 


We  note,  that  Eq.  (9)  contains  terms  which  do  not  occur  for  on-axis  imaging  a=0.  As  one 
application  we  estimate  the  maximum  space-bandwidth  product  from  the  term  linear  in  ^ 
which  dominates  Wgb  even  for  moderate  angles  a.  If  we  only  tolerate  wave  aberrations 
smaller  than  X/4  we  can  use  Eq.  (3)  to  get 
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1 


Dj  cos(a) 


tan(a) 


(10) 


As  an  example  we  obtain  for  X=0.5,  a=20®  and  Di=500|j.m,  a  value  Np,x=20,  which  is 
certainly  more  realistic  than  values  obtained  by  Eq.  (5). 


VI.  Conclusion 

We  demonstrated  in  which  way  the  oblique  propagation  angle  of  light  signals  in  planar 
optical  systems  can  be  used  for  the  design  of  imaging  systems.  As  typical  examples,  we 
showed  that  the  propagation  angle  can  be  chosen  to 

-  optimize  the  space  bandwidth  product  of  the  imaging  system. 

-  design  imaging  systems  with  arbitrary  magnification. 

-  influence  imaging  properties  due  to  wave  aberrations. 
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Honeywell's  Earth  Reference  Attitude  Determination  Sensor  (BRADS)  is  a  wide  field  of  view 
ultraviolet  imaging  sensor  for  satellite  attitude  determination.  The  sensor  was  designed  for  small 

satellite  applications  1,  where  size,  weight,  and  cost  are  the  primary  drivers.  Use  of  the 
ultraviolet  region  of  the  spectrum  provides  a  unique  capability  to  simultaneously  image  stars. 
Earth’s  limb  (day  or  night),  and  other  celestial  objects,  and  to  tolerate  the  sun  in  the  field  of  view. 
This  is  because  the  solar  output  is  lower  relative  to  the  other  objects  of  interest  in  this  waveband, 
and  eliminates  the  need  for  expensive  and  cumbersome  sun  shields.  The  field  of  view  consists  of 
a  10°  annular  region  at  71°  from  axis,  and  a  10  degree  center  field.  Higher  accuracy  attitude 
information  is  obtained  from  measurements  of  stellar  location.  The  accuracy  with  which  these 
measurements  can  be  made  is  limited  by  the  number  of  pixels  on  the  focal  plane,  the  blur  spot 
dimensions,  and  the  photon  count  rates.  The  detector  array  of  the  sensor  was  a  megapixel  CCD. 
The  field  of  view  of  the  sensor  was  effectively  increased  by  making  use  of  an  array  of  six  folding 


DThB5-2  /  369 


mirrors,  and  the  field  remapping  effectively  increased  the  pixel  density  in  the  area  of  interest.The 
optimal  blur  diameter  for  the  centroiding  algorithms  proved  to  be  the  width  of  three  pixels,  if  a 
photon  rate  of  50  per  star  for  fourth  magnitude  stars  could  be  maintained. 

The  photon  rate  was  ultimately  limited  by  the  diameter  of  the  aperture  stop  of  the  spherical 
lens  and  the  spectral  bandwidth.  With  a  limited  choice  of  UV  materials,  we  could  obtain  only  a 
200  A  bandwidth  and  a  59  square  mm  aperture,  which  corresponds  to  a  10  mm  entrance  aperture 
at  the  center  field  angle,  while  holding  the  required  blur  diameter.  This  left  us  roughly  a  factor  of 
two  short  of  the  required  photon  count.  The  conventional  approach  to  increasing  the  photon  rate 
is  to  add  concentric  spherical  elements  around  the  lens  of  different  glass  than  the  core,  which 
reduces  aberration  and  allows  for  a  larger  aperture.  This  conflicts  with  the  basic  cost/size/weight 
objectives  of  the  program.  The  addition  of  the  required  elements  would  have  increased  the  cost 
and  complexity  of  the  system  beyond  feasibility.  In  order  to  resolve  this  situation,  a  highly  non- 
conventional  approach  was  taken  which  allowed  all  performance  objectives  to  be  met. 

BASELINE  OPTIC  AT.  DRSirTN 

The  first  generation  ERADS  sensor  used  a  simple  sapphire  ball  lens  with  the  aperture  stop  at 
the  center  of  the  lens,  which  covers  the  very  large  field  of  view  (132°  - 152°).  All  refractive 
surfaces  are  concentric  to  the  stop,  so  the  only  Seidel  3rd  order  aberrations  present  are  spherical 
aberration  and  Petzval  curvature.  The  limiting  aberration  is  spherical  aberration,  and  it  is 
minimized  by  using  a  glass  with  a  high  index  of  refraction.  Sapphire  was  chosen,  which  has  an 
(ordinary)  index  of  refraction  of  1.8244  at  280  nm.  The  spherical  aberration  can  be  further 
reduced  by  adding  meniscus  lenses  of  different  glass,  whose  radii  are  concentric  to  the  aperture 
stop,  but  we  preferred  to  minimize  the  number  of  elements.  A  curved  image  surface  matches  the 
Petzval  curvature  and  the  curvature  on  a  fiber  optic  field  flattener.  Since  coherent  bundles  of 
UV-transmitting  fiber  are  not  available  at  this  time,  the  image  surface  has  an  acrylic  coating  with 
laser  dyes  to  convert  the  photons  from  the  UV  band  to  visible  light  for  transmission  through  the 
fiber  bundle.  This  fiber  bundle  is  the  input  faceplate  for  an  image  intensifier  tube,  which 
transfers  the  image  to  a  million-pixel  CCD  array. 

Because  of  the  obliquity  of  the  wavefront  at  the  aperture  stop,  the  effective  aperture  at 
extreme  angles  is  greatly  reduced,  and  there  are  higher  order  aberrations  present.  Also,  the 
mapping  from  a  nearly  hemispherical  image  surface  to  a  flat  one  greatly  increases  the  footprint  of 
the  detector  pixel  at  extreme  angles.  Therefore,  a  reflective  mirror  array  is  used  in  front  to  map 
the  extreme  field  into  a  more  moderate  field  of  view.  This  reduces  the  effects  of  oblique 
spherical  aberration  and  distortion  of  pixels.  Six  to  eight  facets  are  preferred  over  a  continuous 
mirror  (which  would  be  a  portion  of  an  axicon)  because  they  don't  affect  the  wavefront,  except 
for  some  image  mapping  distortion.  Because  the  attitude  determination  sensor  only  needs  to 
view  the  limb,  which  is  an  annular  region  in  object  space,  the  mapping  distortion  away  from  the 
center  of  these  mirror  facets  is  not  detrimental  to  the  overall  function  of  the  sensor. 

BENEFIT  OF  DIFFRACTIVE  OPTTC.S 

The  second-generation  ERADS  sensor  (see  Figure  1),  which  is  designed  for  satellite  flight, 
increases  the  signal  energy.  A  larger  ball  format  is  used,  and  the  larger  image  format  of  ITT's 
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Gen  III  image  intensifier.  The  spherical  aberration  is  reduced  dramatically  by  splitting  the  ball 
lens  in  two  and  etching  a  rotationally  symmetric  diffractive  optical  element  into  one  flat  surface 
at  the  stop.  By  correcting  spherical  aberration  and  longitudinal  color,  we  are  able  to  increase  the 
aperture  size  by  a  factor  of  1.3,  double  the  waveband,  and  still  maintain  the  same  spot  size.  This 
yields  an  increase  of  greater  than  three  times  the  energy  for  the  same  size  ball  lens,  with  only 
about  10-15%  energy  loss  from  using  a  diffractive  optical  surface  over  a  wide  field  of  view.  The 
diffractive  optical  correction  also  gives  performance  superior  to  the  conventional  solution  of 
adding  concentric  shells  of  different  optical  materials.  The  diffractive  optical  surface  gains 
leverage  in  color  correction  because  of  the  extremely  low  number  of  material  choices.  Because 
of  the  large  angle  of  incidence  at  the  stop  for  large  field  angles,  optical  cement  is  required  in  the 
aperture  stop  to  prevent  total  internal  reflection  (TIR)  at  the  sapphire-air  interface. 


Figure  2.  Raytrace  of  ERADS  system, 
showing  annular  and  on-axis  imagery. 

1.  hexagonal  mirror  array 

2.  fused  silica  window  with  UV-reflective 
coating 

3.  ball  assembly 

4.  fiber  optic  field  flattener 


An  advantage  of  the  diffractive  optic  at  the  stop  location  is  that  energy  from  extra  orders  of 
the  diffractive  optic  are  undeviated.  The  spot  size  increases,  but  the  extra  orders  are  located  right 
on  top  of  the  desired  first  order.  This  slight  change  in  spot  size  has  no  effect  on  the  centroiding 
algorithms  of  the  sensor. 


DOR  FABRICATION 


The  diffractive  optic  was  fabricated  on  a  1.5  in.  diameter  sapphire  substrate  of  0.138  in. 
thickness,  after  which  the  outer  diameter  of  the  substrate  was  ground  down  to  1.161  in.  diameter. 
A  0.6  micron  layer  of  aluminum  was  then  deposited  onto  the  entire  diffractive  optical  surface 
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except  for  a  7.00  mm  diameter  center  portion  where  the  diffractive  optical  pattern  was  fabricated, 
and  this  opaque  annulus  defined  the  aperture  stop  for  the  system.  This  element  was  then 
cemented  on  both  sides  in  between  two  separate  hemispherical  sapphire  ball  lenses  with  UV- 
transmitting  cement.  The  diffractive  optical  pattern  had  41  zones  with  eight  steps  per  zone  using 
the  binary  optics  approach  of  three  mask  levels  and  two  alignments,  and  three  separate  etches  of 
depths  961  A,  1921  A,  and  3842  A,  which  reflected  the  index  of  refraction  difference  between 
the  sapphire  optical  elements  (n=1.82)  and  the  optical  cement  (n=1.46).  Standard  semiconductor 
processing  was  used  to  fabricate  the  eight-level  binary  optics  and  to  fabricate  the  thin  film  metal 
aperture. 


CONCTdJSTONS 


The  diffractive  optical  element  allowed  a  larger  aperture  and  waveband  than  would  be 
possible  using  all  refractive  elements  for  the  sensor  in  a  limited  photon  environment.  A  flight 
version  of  the  optical  system  has  been  fabricated,  assembled  and  integrated  with  the  software 
package.  BRADS  was  integrated  with  the  University  of  Houston’s  Wake  Shield  satellite  in  May 
1995.  Attachment  was  made  to  one  of  the  bottom  supports,  to  achieve  nadir  pointing  of  the 
center  aperture.  Calibration  imagery  was  obtained  with  an  ultraviolet  source  inside  the  assembly 
facility  after  integration  was  complete.  The  Wake  Shield  facility  was  then  moved  into  the  cargo 
bay  of  the  shuttle  Endeavour  to  await  the  STS  69  launch.  Several  delays  occurred,  ultimately 
moving  the  launch  back  to  August  30, 1995. 

Objectives  of  the  flight  experiment  were  twofold:  first,  to  determine  whether  the  mechanical 
and  optical  designs  were  suitable  for  space  operation;  and  second,  to  obtain  imagery  of  all  the 
objects  which  BRADS  would  observe  during  operation.  This  would  include  stars,  the  sun.  Earth, 
Earth’s  limb  under  both  night  and  sunlit  conditions,  and  combinations  of  these.  Of  particular 
interest  were  the  effects  that  direct  sun  exposure  would  have  on  the  optical  elements.  To  achieve 
these  objectives,  observations  were  made  over  four  separate  orbits  during  satellite  free  flight, 
each  covering  the  complete  range  of  solar  illumination  conditions.  In  addition,  deep  space 
observations  were  made  for  an  hour  while  the  Wake  Shield  was  being  moved  across  the  bay  prior 
to  deployment.  Very  limited  imagery  was  downloaded  during  the  flight,  and  200  megabytes  was 
stored  in  a  flash  memory  unit. 

The  flight  experiment  was  completed  as  scheduled,  and  the  sensor  removed  from  the  Wake 
Shield  subsequent  to  landing.  No  optical  or  mechanical  abnormalities  were  found.  Post  flight 
image  analysis  and  calibration  are  scheduled  for  December.  ERADS  is  currently  scheduled  to 
be  included  in  the  Wake  Shield  3  mission  at  the  end  of  1996.  This  experiment  would  utilize  the 
same  hardware,  and  the  use  of  real  time  algorithms  to  evaluate  attitude  determination  ability. 
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